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SECTION  I 
INTRODUCTION 


The  research  described  In  this  report  was  motivated  by  a need  to 
develop  Improved  simulation  sources  for  IEMP  studies.  Specifically,  the 
risetime  of  the  injected  current  pulse  In  previous  work  was  excessive 
(50  ns)  and  Improvements  In  this  area  were  required.  Also,  to  have  the 
capability  of  Irradiating  very  large  cavities  It  Is  necessary  to  be  able 
to  synchronously  switch  several  parallel  machines.  Therefore,  the  main 
thrust  of  the  program  as  originally  structured  was  to  modify  the  SPI- 
PULSE  6000  machine  with  a low  jitter,  multi-channel  switch  to  both  Improve 
the  machine  rlsetlme  and  demonstrate  the  capability  for  synchronous  switching. 

In  parallel,  another  experimental  program  was  designed  to  study  parametrically 
the  phenomenon  ot  onhanced  cavity  current  transport  when  dielectric  surfaces 
are  present. 

During  the  course  of  this  contract  It  became  apparent  that  certain 
experiments  in  support  of  other  IEMP  programs  were  required.  Specifically,  I 

i 

a thorough  calibration  of  the  SPI-PULSE  5000  diode  diagnostics  was  carried  | 

out.  Once  comple+ed,  this  Information  was  used  to  define  Injected  beam  j 

parameters  for  a series  of  benchmark  experiments  In  which  pressure  and  j 

cavity  geometry  effects  on  the  transport  of  electron  beams  were  studied.  j 

The  following  sections  detail  these  various  efforts.  j 

I 
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SECTION  II 

DIAGNOSTICS  CALIBRATION 

2.1  INTRODUCTION 

To  provide  meaningful  experimental  data  for  comparison  with  IEMP  code 
results.  It  Is  necessary  that  the  beam  parameters  be  known  as  accurately  as 
possible.  In  particular,  a knowledge  of  the  true  voltage  and  current  of  the 
beam-forming  diode  Is  necessary  for  calculating  the  Injected  beam  energy  In 
cavity  experiments. 

In  this  section  a review  Is  given  of  fhe  techniques  used  to  calibrate 
the  voltage  and  current  monitors  of  the  SPI-PULSE  5000  when  configured  for  12" 
diameter  beam  experiments.  A schematic  of  the  monitors  Is  shown  In  Figure  2.1. 
They  consist  of  a capacitive  divider  voltage  monitor  and  a low  resistance 
current  shunt.  The  operating  principle  of  the  current  monitor  will  be  dis- 
cussed In  a later  section.  For  the  capacitive  divider,  the  relation  between 
the  actual  voltage  Vg(t)  on  the  cathode  shank  at  the  position  opposite  the 
voltage  monitor  and  the  voltage  monitor  output  VM(t)  Is  given  by  the  equation 

dVs 

dF  " Gv 

where 


dVM  I 
+ I v 
dF  r V| 


M 


(2.1) 


j 

| 


x « (R  + Z)  (Cj  + C2> 

(R  + Z)  (C.  + C-)  _ 

Gv gp— -■ 

C,  * capacitance  linking  the  shank  to  the  voltage  monitor  band. 
C2  * capacitance  linking  the  voltage  monitor  band  to  ground. 
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The  solution  of  equation  (2.0  is 

t 

V”  ' GV  {Vfl  + X / VM  ^ ^ *'  } <2-2’ 

0 

One  normally  designs  x to  be  very  much  greater  than  any  pulse  length  of 
Interest,  so  that  to  a good  approximation  the  Integral  term  can  be  neglected. 
Then  the  determination  of  the  voltage  monitor  coefficient  -Gy  - Is  all  that 
Is  required  to  calibrate  the  capacitive  divider. 

2.2  VOLTAGE  MONITOR  CAU BRAT  ION 

Six  experimental  methods  were  used  to  determine  Gy.  They  consisted 
of  both  low  voltage  and  high  voltage  techniques: 

Low  Voltage 
Step  Function  Voltage 
RC  Decay  Time 
Capacitive  Bridge 
Matched  Transmission  Line 

High  Voltage 

Matched  Resistive  Load 

Time  Resolved  Magnetic  Spectrometer 

Each  method  will  be  considered  separately. 

2.2.1  Step  Function  Voltage  Measurement 

In  this  technique  the  step  function  voltage  output  of  a SPI-PULSE  25 
transmission  line  pulser  Is  split  with  an  unmatched  "T".  One  output  Is 
applied  to  the  cathode  shank,  which  quickly  charges  up  to  a voltage  V . The 
other  "T"  output  Is  sent  to  an  oscilloscope.  This  oscilloscope  trace  then 
gives  the  static  charging  voltage  - Vg  - on  the  shank. 
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Another  oscilloscope  Is  used  to  monitor  the  capacitive  divider  out- 
put - VM*  From  equation  (2.2)  It  follows  that  for  a step  function  voltage 


V 

s 


(2.3) 


Thus,  by  measuring  the  two  oscilloscope  outputs  at  times  very  much  jess  than 
T the  coefficient  Gy  is  determined.  Experimentally,  this  ratio  Is 


Gy  = 9.0  KV/V 


2.2.2  RC  Decay  Time  Measurement 

From  equation  (2.3)  it  is  clear  that  the  decay  of  the  capacitance 
divider  output,  when  driven  by  a step  function,  determines  the  time  constant 
t.  This  was  measured  to  be 


T * 2. I t ,1  ysec 


Then  since  Z Is  known, 


r ' T „ 42  KV 

Gv  " 7^  C’jTpFT  T 


(2.4) 


The  capacitance  C(  can  be  estimated  from  the  coaxial  line  relation 

2vz\ 

cr— — 

in  r0/r, 

which,  from  the  dimensions  given  in  Figure  2.1,  gives 


(2.5) 


and 


C(  - 4.31  pF 
Gy  ■ 9.7 
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2.2.3  Capacitive  Bridge  Measurement 


Since  the  desired  voltage  monitor  coefficient  is  given  by 
(R  + Z)  (C  + C,)  <R  + Z)  C, 

Gv  ■ — 2 r~  cf  (2-6) 

then  since  R and  Z are  Known,  and  Cj  has  been  estimated,  a determination  of 
C0  is  ail  that  is  required.  This  was  measured  using  a calibrated  6R  capaci- 

A. 

tance  bridge,.  The  result  was 

C2  = 12,000  pF 


From  this,  Gy  * 10. I KV/V. 

This  bridge  measurement  was  made  at  I khz  frequency,  whersas  typical 
SPI-PULSE  5000  pulse  lengths  correspond  to  greater  than  I Mhz  frequency.  The 
frequency  dependence  of  the  dielectric  material  used  to  Insulate  the  voltage 
monitor  band  Is  such  that  C2  would  be  lower  at  the  higher  frequency.  There- 
fore, the  value  of  Gy  computed  above  Is  probably  high. 

2.2.4  Matched  Transmission  Line  Measurements 

The  cathode  shank  diameter  of  Figure  2.1  is  reduced  to  3.5"  to  make  the 
wave  Impedance  of  the  coaxial  Itne  feeding  the  load  equal  to  50  ohms.  Thus  any 
wave  launched  onto  It  from  a 50  ohm  source  will  propagate  without  reflections 
If  It  Is  terminated  In  a matched  load.  Figure  2.2  shows  schematically  the 
apparatus  used.  Pulses  from  the  SPI-PULSE  25  (1000  volts,  I ns  rise,  square 
wave  generator)  are  fed  via  50  ohm  cable  into  a 50  ohm  blconlc  transmission 
line  which  matches  Into  the  3.5"  diameter  shank.  Another  biconlc  line  takes 
the  pulse  which  has  passed  the  voltage  (and  currenl ) monitor  Into  another  50  ohm 
cable  which  goes  to  a 7904  oscilloscope.  Figure  2.3  shows  the  measured  input 
pulse  to  the  calibration  system  and  the  pulse  which  has  passed  through  the 
system.  Their  equality  Indicates  that  the  entire  structure  Is  very  nearly  50 
ohms  throughout. 


Figure  2.2  Voltage  and  Current  Diagnostics  Calibration  Using  j 

Matched  50  Ohm  Transmission  Line  Section  and  I kV  1 

Rep.  Rate  Pulser  j 


t 
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Input  Pulse  50  V/div.,  20  ns/dlv. 


Transmitted  Pulse  50  V/div.,  20  ns/dlv. 


Figure  2.3.  Input  and  Output  Pulses  for  50  ohm  Transmission 
Line  Geometry  using  I kV  Rep.  Rate  Pulser 
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I , Figure  2. 
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Input  Pulse  100  V/div.,  50  ns/di v. 


Voltage  Monitor  Output  10  mV/d  I v. , 50  ns/d  I v. 


Voltage  Monitor  Response  with  50  ohm  Transmission 
Line  Geometry  using  1 kV  Rop.Rate  Pulser 
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Figure  2.4  shows  the  Input  voltage  pulse  and  the  corresponding  output 
signal  from  the  voltage  monitor.  Taking  peak  values,  the  resulting  calibration 
coefficient  Is 


8v  " M‘6  $£!? 

To  obtain  thr  relevant  value  for  the  4”  shank  configuration,  the  change  In  C( 
must  be  accounted  for.  When  this  Is  done  using  equation  (2.5),  the  value 
obtained  is 


G 


V 


9.65 


KV 

Volt 


2.2.5  Matched  Resistive  Load  Measurements 

As  Indicated  In  Figure  2.1,  energy  flowing  towards  the  load  passes  fhe 
voltage  and  current  monitors  on  a coaxial  transmission  line  which  has  (for  a 
4"  diameter  shank)  a wave  Impedance  of  41.5  ohms.  If  the  load  Is  a pure  re- 
sistance equal  to  41.5  ohms,  no  reflections  will  occur  and  the  voltage  and 
current  recorded  by  the  monitors  will  be  Identical  to  the  voltage  and  current 
of  the  resistor. 

A 41.2  + .4  ohm  copper  sulphate  load  was  placed  on  the  end  of  the  4" 
shank  extension  of  the  SPI-PULSE  5000  and  date  obtained  by  charging  the 
machine  to  150  KV.  Because  the  pulse  forming  line  (the  dielectric  energy 
store)  has  a wave  Impedance  of  only  about  2.0  ohms,  the  load  Is  highly  over- 
matched to  the  machine  and  the  peak  output  voltage  will  be  nearly  150  KV.  The 
519  oscilloscopes  used  to  record  the  voltage  and  current  monitors  were  calibrated 
using  the  SPI-PULSE  25  with  the  following  results: 

e Voltage  Monitor  Oscilloscope  Sensitivity 
10. I Volts/dlvlslon 

e Current  Monitor  Oscilloscope  Sensitivity 
9.4  Volts/dlvlslon 
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Figure  2.5  shows  the  voltage  and  current  monitor  traces  obtained  for 
a machine  charging  voltage  of  150  KV.  Tne  ratio  of  the  voltage  monitor  signal 
to  the  current  monitor  signal  was  measured  to  be  cons+ant  to  within  * 5% 
throughout  the  duration  of  the  signals  recorded.  Letting 

A(  « voltage  amplitude  of  current  monitor  signal 
Ay  = voltage  amplitude  of  voltage  monitor  signal 
Gj  = current  monitor  calibration  In  amps/volt 

then 


G„  * 41.2  G 


Using  measured  values  for  Aj  and  Ay  and  the  known  value  of  G(,  there  results 

KV 


9.84 


Volt 


2.2.6  Time  Resolved  Spectrometer  Measurements 

The  time  resolved  spectrometer,  described  In  the  next  section,  was 
primarily  intended  for  making  direct  measurements  of  the  Injected  electron 
beam  energy  and  angular  distribution.  However,  from  the  data  obtained  it 
Is  also  possible  to  infer  the  voltage  monitor  coefficient. 

Figure  2.6  shows  a comparison  of  the  spectrometer  output  and  the 
diode  voltage.  The  upper  curve  shows  the  diode  voltage  as  computed  from 
the  voltage  monitor  output  using  the  coefficient 

Gv  = 9.7  KV 

Volt 
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Figure  2.5.  SPI-FtlLSE  5000  Diode  Voltage  and  Current  Waveforms 
with  41  ohm  Resistive  Dummy  Load  at  Vq  = 150  KV 
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and  including  an  inductive  correction  for  the  voltage  drop  along  the  shank 
between  the  monitor  and  the  load  (see  Section  2.4).  Because  of  the  finite 
probe  and  collimating  slit  widths,  each  spectrometer  probe  has  a finite 
energy  acceptance  range;  e so  there  Is  a small  energy  overlap  between  adjacent 
probes.  The  energy  accepl  ice  range,  and  corresponding  time  phasing,  of  each 
probe  Is  Indicated  by  lie  octangular  boxes  on  the  upper  curve.  The  0.25  mil 
thick  Mylar  window  used  In  this  case  causes  negligible  energy  degradation  for 
the  beam  energies  indicated,  so  this  correction  has  not  been  included. 

The  lower  part  of  Figure  2.6  shows  the  measured  time  phasing  of  the 
four  highest  energy  spectrometer  probes.  The  time  overlap  between  adjacent 
probes  Is  In  excellent  agreement  with  that  predicted  by  the  voltage  monitor 
output.  Based  upon  this,  it  can  be  Inferred  that  the  voltage  monitor  co- 
efficient given  above  Is  consistent  with  the  spectrometer  data. 

2.2.7  Summary  of  Voltage  Monitor  Calibrations 

The  results  of  all  voltage  monitor  coefficient  measurements  Is 
summarized  In  Table  2.1. 


Table  2.1  Voltage  Monitor  Calibration  Values 


Calibration  Technique 

Results  (KV/V) 

Step  Function  Voltage 

9.0 

RC  Decay  Time 

9.7 

Capacitive  Bridge 

10. 1 

Matched  Transmission  Line 

9.65 

Matched  Resistive  Load 

9.84 

Time  Resolved  Spectrometer 

9.7 

AVERAGE  VALUE 

9.7 

The  average  value  has  been  rounded  to  the  first  decimal  place;  the  estimated 
accuracy  of  the  average  value  Is  + 1%. 
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PROBE  CURRENT,  nA  DIODE  VOLTAGE,  KV 


Figure  2,6  Comparison  of  Time  Resolved  Spectrometer  Output  and  Measured  | 

Diode  Voltage  (Corrected  for  inductive  Component)  for  | 

t **  100  ns  (fwhm) 
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2.3  CURRENT  MONITOR  CALIBRATION 

The  other  Important  diagnostic  tool  used  for  characterizing  the  electron 
beam  Is  the  resistive  current  shunt.  As  indicated  In  Figure  2.1,  this  con- 
sists of  a low  Impedance  resistor  band  placed  In  series  with  the  outer  con- 
ductor of  the  coaxial  line  feeding  energy  to  the  load.  The  voltage  generated 
across  the  band  is  monitored  with  a Tektronix  519  oscilloscope.  Any  current 
pulse  flowing  on  the  cathode  shank  will  Induce  an  equal  and  opposite  current 
in  the  outer  conductor.  This  Is  a general  property  of  transmlsu'jn  lines, 
and  Is  physically  caused  by  the  fact  that  the  magnetic  field  - Bg  - associated 
with  the  current  flow  on  the  shank  induces  current  flow  In  the  outer  wall. 

From  the  known  number  of  resistors  In  the  current  monitor,  Its 
calibration  can  be  easily  calculated  to  be 

I 211 

G(  * ^ * yj  - 63.9  amps/volt 

This  section  reviews  the  two  techniques  used  to  verify  this. 

2.3.1  Resistive  Bridge  Measurement 

Using  a calibrated  GR  resistive  bridge.  It  was  possible  to  directly 
measure  the  resistance  of  the  current  shunt.  The  value  determined  was 

R ■ 16  x 10  ^ ohms 

However,  the  lowest  brldga  sensitivity  Is  + I x 10”"*  ohms;  therefore  the 
current  monitor  coefficient  Is 

C|  =62.5+3.7  amps/volt 

2.3.2  Matched  Transmission  Line 

Using  th9  50  ohm  transmission  line  geometry  described  in  Section  2.2.4, 
it  Is  also  possible  to  calibrate  the  current  monitor.  Since  the  amplitude 
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of  the  voltage  pulse  - Vp  - on  the  lino  Is  Known,  and  no  reflections  occur 
in  the  matched  50  ohm  system,  the  current  flowing  both  on  the  inner  coaxial 
line  and  through  the  current  monitor  is 

I = V /Z  = 0.02  V 
P P P 

By  measuring  the  voltage  - V(  - induced  across  the  current  monitor,  the  co- 
efficient 

0 Pi 

1 V! 

can  be  determined.  Figure  2.7  shows  measured  waveforms;  from  these  there 
results 


Gj  ■ 60.6  t 4.2  amps/volt 


2.3.3  Summary  of  Current  Monitor  Calibration 

Table  2.2  summarizes  the  current  monitor  calibrations  determined  by 
three  techniques. 


Table  2.2  Current  Monitor  Calibration  Values 


Measurement  Techniques 

Result  (A/V) 

Number  of  Resistors 
Bridge  Measurement 
Matched  Transmission  Line 
AVERAGE  VALUE 

63.9 

62.5  t 3.7 

60.6  + 4.2 
62.3  + 2.2 

One  further  consideration  of  the  current  monitor  Is  warranted.  Because 
of  its  physical  construction  the  resistor  band  is  shunted  by  a capacitor  C. 

The  equivalent  monitor  circuit  Is  a parallel  RC  network  driven  by  a current 
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Input  Pulse  50  V/div.,  100  ns/dlv. 
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t 

j 

Current  Monitor  Output  20  mV/div.,  100  ns/dlv. 


Figure  2.7.  Current  Ntonitor  Calibration  for  50  ohm  Transmission 
Line  Geometry  using  I kV  Rep.  Rate  Pulser 
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source.  The  voltage  - V(  - across  the  monitor  Is  then  described  by  the 
equation 


V,  (t)  * 


/-(t-t1) 
e t 


I (t1)  dt1 


where 


T = RC  - | 


Equation  (2,7)  can  be  Integrated  by  parts  +o  give 


V^t)  * 


I f . -(t-t1)  dl 


To  estimate  the  magnitude  of  the  Integral  term,  assume  a current  ramp  of  the 


I (t)  . IM  t/tr 


V|(+),^  t/tr  - ^ ^ (I  -e 


(2.10) 


The  estimated  value  for  the  shunting  capacitance  Is 


C = 12  pF 


The  time  constant  Is  then 


x * 0,2  picoseconds 


The  capacitor  clearly  has  a negligible  effect  on  the  measurement. 
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2.4  I NDUC7 I VE  VOLTAGE  CORRECT  I ON 

Referring  again  to  Figure  2.1,  the  voltage  and  current  diagnostics 
used  actually  measure  VM  and  lM  on  a portion  of  the  coaxial  transmission  line 
which  is  some  distance  removed  from  the  actual  electron  beam  load.  Since  the 
effective  load  resistance  is  typically  much  less  than  the  wave  impedance  of 
the  transmission  line,  voltage  reflections  occur  which  constitute  part  of  the 
voltage  monitor  signal.  In  general,  the  voltage  monitor  does  not  uniquely 
determine  the  load  voltage. 

Since  typical  current  pulses  rise  In  several  tens  of  nanoseconds,  the 
short  length  of  transmission  line  between  the  monitors  and  load  is  usually 
represented  by  an  equivalent  lumped  Inductance.  If  the  length  of  line  segment 
Is  £,  then  the  equivalent  inductance  Is 

7 

L = (2  x 10"'  In  ~ ) £ (2.11) 

where  r and  r.  are  the  outer  and  inner  radii  of  the  transmission  line.  Then 

o i 

the  load  (diode)  voltage  Is 

v0  <«  ■ VM (t)  - 1 ar  (2-l2> 

To  verify  the  validity  of  the  inductive  correction,  the  transmission 
line  code** * was  used  to  model  the  SPI-PULSE  5000.  The  code  was  set  up  to 
print  out  the  voltage  and  current  waveforms  at  the  position  of  the  actual 
monitors.  In  addition,  the  actual  load  voltage  was  printed  out.  The  computer 
generated  voltage  monitor  signal  was  corrected  for  the  inductive  drop,  using 
the  computer  generated  current  monitor  signal,  by  employing  a simple  three  point 
differencing  scheme  to  compute  the  current  derivative.  Figure  2.8  summarizes 
tho  results.  The  solid  line  shows  the  actual  load  voltage,  while  the  dot-dash 
line  corresponds  to  the  voltage  monitor  output.  The  dashed  curve  is  the  result 
of  applying  the  inductive  correction  to  the  voltage  monitor  signal.  It  Is 
clear  that  this  technique  reproduces  the  actual  load  voltage  quite  well;  the 
small  oscillations  about  the  true  value  largely  reflect  numerical  inaccuracies 
in  computing  the  current  derivative. 
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Figure  2.8.  Comparison  of  Code  Calculated  Diode  Voltage  to  1 

Measured  Diode  Voltage  Corrected  for  Inductive  f 

Component  ? 
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Based  upon  this  study,  it  can  be  concluded  that  the  inductive  voltage 
correction  is  sufficient  to  compute  the  true  load  voltage. 

2.5  SUMMARY  OF  CALIBRATION  RESULTS 

Based  upon  a thorough  study  of  the  SPI-FDLSE  50C0  diagnostics,  the 
following  results  apply  for  the  12"  diameter  diode  configuration: 

• the  voltage  monitor  coefficient  Is 
9.7  + 0.6  KV/V 

• the  current  monitor  coefficient  is 
62.3  +2.2  amps/volt 

• a simple  inductive  voltage  correction  accurately  determines 
the  true  diode  voltage. 

• because  of  the  agreement  between  low  voltage  and  high  voltage 
measurements  of  the  voltage  monitor  coefficient,  it  can  be 
concluded  that  If  shank  emission  of  electrons  is  occuring 

it  has  a negligible  effect  on  the  voltage  monitor  output. 


SECTION  III 

CAVITY  TRANSPORT  - BENCHMARK  EXPERIMENTS 


3.1  INTRODUCTION 

An  experimental  program  was  carried  out  to  provide  data,  for  fixed 
cavity  geometries,  which  could  be  compared  to  IEMP  transport  code  predictions. 
\ major  requirement  of  the  program  was  that  the  injected  beam  parameters  be 
accurately  determined.  In  this  section  the  techniques  used  are  described  and 
the  data  resulting  from  the  measurements  presented. 


3.2  EXPERIMENTAL  CONFIGURATION  AND  TEST  MATRIX 

The  equipment  used  Is  shown  schematically  In  Figure  3.1.  The  SPI- 
PULSE  5000  accelerator  served  as  the  injected  electron  source.  The  machine 
charging  voltage  was  held  constant  at  250  kV  and  the  gap  between  the  30  cm 
diameter  cathode  and  tungsten  mesh/0.25  mil  aluminized  Mylar  anode  set  at 
1.5  cm.  To  produce  a short  injected  puisewidth,  the  diode  pressure  was 
maintained  at  40  u(alr). 

The  cavity  itself  consisted  of  a 30  cm  diameter  right  cylindrical  sleeve 
mounted  on  Inouloting  sup  pc  rts  Inside  o ! c r g..  • ...  unu  . ...  .u^uum  * iuiTivq  > . < * >e 
mesh/mylar  anode  through  which  the  electron  beam  was  injected  served  as  one 
end  of  the  cavity.  The  other  end  of  the  cavity  was  defined  by  a moveable 
aluminum  current  collector  plate.  This  plate  was  electrically  Isolated  from 
the  cavity  side  wall  by  a low  Impedance  resistor  band.  The  voltage  Induced 
across  the  band  Is  then  directly  proportional  to  the  net  current  transported 
through  the  cavity.  The  wall  current  monitor  was  not  used  during  these  runs. 

The  experiment  was  designed  to  assess  the  dependence  of  current  transport 
on  two  variables:  cavity  depth  and  residual  gas  pressure  in  tne  cavity.  The 
complete  test  matrix  is  shown  in  Table  3.1.  Because  of  time  limitations,  only 
a portion  of  the  data  has  been  reduced. 
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3.3 


INJECTED  BEAM  PARAMETERS 


In  order  to  obviate  any  problems  In  computing  cavity  parameters  because 
of  erroneous  Input  data,  It  was  necessary  to  very  carefully  determine  the  time 
dependent  beam  Injection  parameters.  Specifically,  these  are  energy,  current, 
current  density  distribution,  energy  spread  and  electron  angular  spread.  The 
following  sub-sections  consider  each  in  detail. 

3.3.1  Diode  Measurements 

From  the  results  described  In  Section  2,  it  Is  possible  to  calculate 
the  actual  diode  voltage  and  current.  Figure  3.2  shows  typical  data;  the 
upper  curves  show  the  observed  voltage  monitor  and  current  time  dependence. 

The  voltage  curve  has  been  corrected  for  the  Integral  term  In  equation  2.2 
to  give  the  cathode  shank  voltage.  Using  the  Inductive  correction  described 
previously,  with  an  Inductance  value  of  21  nH,  the  lower  curve  results.  This 
gives  the  time  history  of  the  main  accelerating  voltage  In  the  anode/cathode 
gap. 


3.3.2  Injected  Current 

Determination  of  the  Injected  beam  current  was  found  to  depend 
critically  on  where  1 + was  measured.  Referring  to  Figure  3.1,  the  cavity 
side  wall  was  positioned  1.0  mm  away  from  the  injection  plane.  Because  the 
moveable  back  current  collector  was  not  perfectly  perpendicular  to  the  cavity 
axis  (the  collector  was  cocked  by  + 0.5  mm),  the  closest  spacing  was  1.0  mm. 
Measurements  made  at  this  location  arid  at  succeeding  I y greater  spacings,  are 
shown  In  Figure  3.3. 

The  results,  which  were  quite  reproducible,  9how  a strong  dependence 
of  transmitted  current  on  cavity  depth  for  times  greater  than  50  ns.  The 
current  density  is  roughly  5 amps/cm^  at  that  point;  from  Figure  3.2  the  beam 
energy  is  less  than  40  keV.  Since 
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TABLE  3.!  IEMP  BENCHMARK  EXPERIMENT  DATA  STATUS  AUGUST  1575 


NOMINAL  BEAM  CHARACTERISTICS 


Pulse  Width  = 35ns  (FWHM) 

2 

Injected  Current  Density  (peak)  » 3.0  amps/cm 
Injected  Beam  Energy  (average)  = 100  keV 


FIXED  DIODE  PARAMETERS 

Cathode  Diameter  = 30  cm. 
Anode  = 65^  transparent  mesh 
and  0.25  ml  I Al-My lar 
Anode/Cathode  gap  = I . 5 cm 
Diode  Pressure  * 40 


FIXED  CAVITY  PARAMETERS 


MEASUREMENTS 


Diode  Voltage  and  Current  vs.  Time 
Transmitted  Cavity  Current  vs.  Time 
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DIODE  VOLTAGE 


Figure  3.2.  IEMP  Benchmark  Diode  Current,  Volfage  and  Inductance 
Corrected  Diode  Voltage  Waveforms  for  T ■ 35  ns  (fwhm) 
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it  is  surprising  that  strong  space  charge  limiting  should  be  observed.  This  * 

may  be  due  to  the  annularity  of  the  beam  as  will  be  described.  The  current  j 

pt'lse  measured  I mm  from  ,ne  Injection  plane  is  taken  to  be  the  actual  | 

Injected  beam  current.  ] 

'1 

1 

3.3.3  Angular  and  Energy  Spread  ; 

t 

Because  a Mylar  pressure  diaphragm  was  used  af  the  Injection  plane,  j 

electrons  traversing  It  will  be  degraded  In  energy  and  have  their  direction 

of  Injection  randomized.  To  study  this,  a Monte  Carlo  transport  code  - ; 

(2) 

ELTRAN  - was  employed.  For  a given  electron  energy  incident  on  the  Mylar, 
the  Injected  beam  was  characterized  In  the  following  way: 

• the  energy  loss  Incurred  by  25$  or  less,  50$  j 

or  less,  and  75$  or  less  of  the  electrons.  i 

e the  polar  angle  deflection  Incurred  by  25$  or  ’ I 

less,  50$  or  less,  and  75$  or  less  of  the 
electrons. 

The  energy  loss  curves  are  shown  In  Figure  3.4;  |£e  values  given  should  be 
subtracted  from  the  Initial  energy  to  give  the  Injected  energy  of  the  corre- 
sponding particle  group.  The  corresponding  curves  for  polar  angle  deflection 
(assumed  to  be  azimuthal ly  symmetric)  are  contained  In  Figure  3.5. 

3.3.4  Magnetic  Spectrometer  Measurements 

In  order  to  directly  measure  the  Injected  electron  beam  energy,  or  1 

energy  distribution,  at  each  Instant  of  time,  a time  resolved  magnetic  spectro- 
meter system  was  designed  and  built.  Table  3.2  summarizes  the  spectrometer 
measurement  test  matrix.  Reference  to  long  pulse  width  spectrometer  data  was 
made  In  Section  2.  In  this  section,  a discussion  is  presented  of  the  spectro- 
meter design  and  calibration.  This  Is  followed  by  considerations  on  the  short 
pulsewidth  benchmark  beam  results. 
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ENERGY  LOSS,  KEY 


INCIDENT  ELECTRON  ENERGY  , KEV 


Figure  3.4  Energy  Loss  Curves  In  0.25  mil  Mylar  By 
25$,  50$  and  75$  of  the  Electrons 
(Eltran  Calculation) 


SCATTER  ANGLE,  DEGREES 
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\l  POSITION  RADIAL  POSITION 


Table  3.2  Time  Resolved  Spectrometer  Measurements  Summary 

LONG  PULSE  - 100  ns 


2 mm  Drift  I cm  Drift 

0. In  O.lu 


SHORT  PULSE  - 35  ns 

2 mm  Drift  I cm  Drift 


0.1  0.1 


3.3.4. 1 Spectrometer  Design 

The  180®  magnetic  spectrometer  utilizes  a permanent  magnet  array  to  pro- 
vide a uniform  field  between  two  6 inch  diameter  semicircular  pole  plates.  Figure 
3.6  shows  the  spectrometer  to  scale  in  two  views.  The  probe  configuration  shown 
was  designed  to  provide  ten  channels  of  time-resolved  Information.  A miniature 
coax  angle  connector  Is  located  directly  behind  each  probe  on  an  aluminum  mount- 
ing plate  which,  with  the  peripheral  band,  provides  an  RF  tight  enclosure.  This 

peripheral  band  also  serves  to  hold  the  pole  plates  at  I cm  separation.  The 

2 

probes,  approximately  1 cm  In  area,  are  made  of  copper.  The  probes  and  the 
second  slit  are  recessed  from  the  edge  of  the  pole  plates  a minimum  of  I cm  In 
all  directions  to  insure  a normal  field  to  the  electron  velocity  at  all  points. 

The  slit  assembly  consists  of  an  aluminum  mounting  piece  for  good  electrical 
grounding,  with  silts  and  sides  of  high  permeability  mu  metal  to  eliminate  any 
fields  In  the  slit  area.  The  slit  separation  Is  2.5  cm.  Silts  of  several  dimen- 
sions were  made  to  provide  maximum  resolution  for  a range  of  Incident  current 
densities . 

The  circumference  of  the  pole  plates  has  thirteen  machined  flats  -3/4  Inch 
wide  to  accommodate  the  permanent  magnets  used  to  provide  the  field.  The  3/4  x 
I 5/16  inch  magnets  were  also  ground  flat  to  provide  maximum  contact  with  the  pole 
flafs.  Both  pole  plates  and  magnets  were  nickel  plated  to  eliminate  any  oxidation. 
Four  sets  of  thirteen  magnets  were  made.  Each  set,  having  a different  strength, 
was  color-coded  and  numbered'  to  reproduce  configurations  easily.  Small  plastic 
rectangular  slabs,  epoxled  to  the  magnets,  provide  a press  fit  between  the  pole 
plates  and  secure  the  magnets  In  position. 

Fields  obtainable  range  from  approximately  50  to  500  gauss.  A Hall  effect 
gaussmeter  with  a 1/8  x 3/16  Inch  probe  was  used  to  measure  the  field  uniformity  at 
various  locations  within  the  pole  plates.  A uniformity  of  + 2Jf  was  easily  obtain- 
able. At  the  same  time,  the  field  within  the  slit  assembly  was  shown  to  be  <2  gauss, 
l.e.  no  Indication  on  the  gaussmeter  at  higher  sensitivity. 

3. 3. 4. 2 Spectrometer  Probe  Energy  Resolution 

From  the  average  field  value  a calibration  curve  of  electron  energy  versus 
arc  diameter  was  calculated  using  the  basic  equation 
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where 

Tq  * electron  kinetic  energy  In  keV 
2 

MqC  * electron  rest  energy  =511  keV 

X = arc  diameter  In  cm 
o 

Bq  = magnetic  field  In  gauss. 

Also  with  the  probe  locations  known  with  respect  to  the  slit  and  given 

W » probe  width  In  cm 
P 

W * silt  width  In  cm 
s 

Ss  * silt  separation  In  cm 

the  energy  acceptance  for  each  probe  could  be  calculated  from  the  equations 


(3.2) 


(3.3) 


3.3. 4. 3 Spectrometer  Calibration 

An  internal  conversion  beta  source,  Cd-109,  with  transition  energies 

* 

of  62.2  and  84.2  keV  was  used  to  verify  the  calculated  calibration.  A strip  of 
Kodak  Type  AA  Industrex  X-ray  film  was  placed  at  the  probe  plane  with  the  source 
collimated  by  the  narrow  slits  of  the  spectrometer.  The  film  was  exposed  at 
two  locations  according  to  the  energy  of  the  betas  In  the  form  of  a thin  slightly 
blurred  line.  Figure  3.7  shows  the  calculated  calibration  curve  with  the  position 
of  the  experimental  lines  indicated  on  the  X-axis.  The  corresponding  energies  ca 
can  be  seen  to  agree  to  within  2%  of  the  known  values. 

3. 3. 4. 4 Thirty-Five  ns  Pulse  Results 

The  work  presented  here  was  carried  out  about  six  weeks  prior  to  per- 
forming the  benchmark  experiments.  Because  of  a change  In  the  Instrument  used 
to  monitor  diode  pressure,  the  pulse  length  of  the  beam  studied  with  the  spectro- 
meter was  somewhat  shorter  than  that  used  for  the  benchmark  series  of  experiments. 
Nevertheless,  the  general  conclusions  reached  are  applicable  to  both  cases. 

' Measurements  were  made  approximately  2 mm  beyond  the  Mylar  pressure 

diaphragm.  Figure  3.8  indicates  the  measured  voltage  monitor  and  current  monitor 
waveforms.  Using  this  data,  correcting  for  the  inductive  voltage  drop,  and 
using  the  mean  (50Jf)  energy  loss  curve  (Figure  3.4)  the  Injected  energy  curve 
shown  In  Figure  3.9  was  calculated.  The  energy/time  acceptance  of  each  spectro- 
meter probe  Is  indicated  by  a rectangular  box.  The  lower  graphs  show  the  measured 
probe  waveforms,  with  the  spectrometer  positioned  to  accep+  only  electrons 
coming  out  normal  to  the  anode. 

The  general  agreement  between  the  derived  Injected  energy  curve  and 
spectrometer  probe  output  Is  good;  each  probe  signal  peaks  at  essentially  the 
center  of  its  energy/time  acceptance  range.  The  early  time  tail  of  each  probe 
can  be  accounted  for  by  scatter  from  the  edge  of  the  entrance  slit.  Referring 
to  equation  (3.3)  for  the  maximum  energy  acceptance  of  a probe,  slit  scatter 
can  Increase  oQ  and  thus  Increase  the  real  energy  acceptance  of  a probe.  The 
* late  time  tail  cannot  be  accounted  for  by  the  same  mechanism.  While  Its  origin 
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Magnetic  Spectrometer 
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Figure  3.9  Comparison  of  Computed  Injected  Electron 
Energy  and  Spectrometer  Probe  Output 
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is  not  definitely  known,  it  is  likely  that  It  is  a result  of  secondary  electron 
emission  from  the  surface  of  the  copper  probes.  Higher  energy  secondaries  (a 
few  keV  enei  jy)  are  bent  by  the  magnetic  field  in  such  a way  that  they  tend  to 
strike  higher  energy  probes.  While  not  shown  on  Figure  3.9,  all  of  the  lower 
energy  probes  (I  through  5)  have  long  early  time  tails  which  start  at  about 
15  ns  into  the  pulse. 

Finally,  another  measurement  was  made  with  the  spectrometer  set  to 
sample  that  portion  of  the  injected  beam  scattered  30“  to  the  anode  normal. 

By  Integrating  the  output  of  each  probe,  the  energy  spectrum  shown  in  Figure 
3.10  was  obtained.  From  Figure  3.5,  one  would  not  expect  much  of  the  beam  to 
be  scattered  into  this  large  an  angle  until  the  energy  Is  well  below  100  keV. 
The  data  substantiates  this. 

3.3.5  Injected  Beam  Parameters  - Benchmark  Experiments 

Ourlng  the  series  of  measurements  made  to  fill  In  the  test  matrix  shown 
in  Table  3.1,  it  was  observed  that  the  peak  volfage  monitor  output  varied  by 
about  + 5f  and  the  Injected  beam  current  varied  by  + I0f.  Therefore  an  average 
set  of  waveforms  was  used  to  characterize  tho  beam.  These  are  shown  In  Figure 
3.11. 


To  make  code  input  convenient  the  beam  variables  were  digitized  every 
two  nanoseconds,  with  the  zero  time  shifted  to  correspond  to  the  beginning  of 
injected  current.  The  beam  energy  was  characterized  by  a two  group  distribution; 
the  25Jf  and  75Jt  points.  A similar  characterization  was  used  for  the  Injected 
beam  polar  angles.  The  Monte  Carlo  calculations  described  earlier  were  used 
to  generate  this  grouping.  It  might  be  argued  that  the  spectrometer  data  should 
have  been  used  to  determine  the  appropriate  energy  grouping;  however,  because 
of  the  effect  of  slit  r it  was  not  possible  to  determine  the  real  energy 

spread  at  each  Hme.  Therefore,  It  was  felt  that  use  of  the  computer  energy 
spread  was  n better  appraoch. 

Table  3.3  summarizes  the  Injected  beam  parameters  In  digital  form. 
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TABLE  3.3.  INJECTED  BEAM  PARAMETERS  - BENCHMARK  EXPERIMENT 


3.3.6  Injected  Current  Density 

Initially,  for  long  pulse  work  (i.e.  t z 100  ns  fwhm)  thin  film  blue 

cellophane,  dosimetry  could  be  used*^  to  determine  the  time  integrated  elec- 

(4) 

tron  current  density  distribution.  Invariably  the  measured  distribution 
was  quite  flat,  i.e.  + \5%  under  these  conditions.  As  the  technique  for  pro- 
ducing shorter  electron  beam  pulses  evolved,  itrvas  no  longer  possible  to  use 
blue  cellophane  for  mapping  because  the  total  integrated  dose  was  too  low. 
Uniformity  was  assumed  to  hold  true  there  as  well. 

(5) 

During  an  experimental  program  employing  a 30  ns  fwhm  pulse,  mul- 
tiple concentric  rings  used  to  measure  injected  current  density  showed  that 
the  beam  was  annular.  Further  measurements,  made  with  the  Faraday  cup  array 
of  Figure  3.12  placed  2 mm  from  the  window,  agreed  with  this  result  as  indicated 
by  the  total  integrated  charge  values  contained  in  each  probe.  A cross  section 
of  this  current  density  map  is  presented  In  Figure  3.13.  It  shows  the  current 
density  distribute  to  be  generally  hollow  with  approximately  2.3  times  more 
current  in  the  outer  annulus. 

Subsequent  to  these  measurements  a radiographic  technique  was  developed 
for  beam  mapping.  This  consists  of  allowing  the  electrons  to  impinge  upon  a 
thin,  0.001  Inch,  tantalum  foil  over  a film  cassette  thereb/  creating  brerrr 
sstrahlung  radiation  and  expos 'ng  the  film.  Although  a precise  comparison  of 
film  exposure  and  current  density  has  not  yet  been  made,  beam  uniformity*, 
distributions  qua  I itatl /ely  agree. 

h 

Using  this  technique  a series  of  measurements  was  made  to  determl ie  tho 
cause  of  the  non-uniformity  observed  and  to  make  corrective  modif lca+ knr.  The 
results  were  that  when  a 1/2  inch  radius  of  curvature  Is  used  on  the  Inch 
diameter  emitter  (reducing  the  emission  surface  to  li  inch  diameter)  uiiform 
emission  occurs.  Future  experiments  will  be  performed  v. I th  these  jriform  beams. 
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3.4  BENCHMARK  EXPERIMENT  RESULTS 

Throughout  the  experimental  series  the  cavity  pressure  was  monitored  with 
an  .Mphatron  gauge,  estimated  to  be  accurate  to  better  than  + 10$.  At  fixed 
cavity  depths,  the  pressure  was  scanned  froir  less  than  I0~^  torr  to  I torr. 

Figure  3.14  Is  Indicative  of  the  general  results. 

At  low  pressures  the  transmitted  current  falls  off  rather  rapidly  with 

-2 

cavity  depth.  As  the  pressure  is  Increased  above  3 x 10  torr,  there  Is  an 
abrupt  Increase  In  transmitted  current,  indicating  that  space  charge  neutraliza- 
tion Is  occurring.  The  transmitted  current  peaks  at  about  0.08  - 0.1  torr,  and 
then  falls  off  gradually  up  to  0.3  torr.  Beyond  this  It  gradually  Increases. 

Figure  3.15  shows  the  time  dependence  of  transmitted  current  at  three 
representative  pressures.  The  cavity  depth  Is  15  cm.  The  main  feature  is  the 
late  time  (>  50  ns)  tall  at  .05  and  .2  torr.  This  Is  presumably  due  to  the 
formation  of  a highly  conducting  plasma,  which  attempts  to  maintain  a constant 
magnetic  field.  Note  also  that  the  barrier  dissipation  time  can  be  estimated 
as  roughly  15  ns  Into  the  pulse  at  50  microns  and  5 ns  for  200  microns.  At 
these  times  there  Is  a marked  Increase  In  current  compared  to  the  case  at  0.1 
microns.  This  Indicates  that  the  dissipation  time  Is  scaling  roughly  Inversely 
with  pressure,  as  expected  from  simply  primary  Ionization  arguments. 


PEAK  TRANSMITTED  CURRENT 
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CAVITY  PRESSURE,  TORR 


Figure  3.14  Peak  Transmitted  Current  vs.  Cavity  Pressure  for 

Cavity  Depths  of  2 cm,  7 cm  and  15  cm  with  35  ns  (fwhm) 
Pulse  In  1EMP  Benchmark  Configuration 
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Figure  3.15  Dependence  of  Transmitted  Current  Time  Signature  on 

Cavity  Pressure  for  15  cm  Deep  Cavity  and  35  ns  (fwhm) 
Pulse  In  IEMP  Benchmark  Configuration 
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SECTION  IV 

DIELECTRIC  ENHANCED  CAVITY  TRANSPORT 

4.1  INTRODUCTION 

It  has  previously  been  shown^  that  the  presence  of  dielectric  surfaces 
-4 

within  evacuated  (10  torr)  cavities  can  sign! f icanHy  enhance  the  transport  of 
electron  beams  through  the  cavity.  Under  situations  in  which  the  beam  would 
normally  be  strongly  space  charged  limited,  current  enhancement  by  factors  greater 
than  ten  has  been  observed.  In  this  section  a review  Is  given  of  a program  which 
studied  the  parametric  dependence  of  this  effect  on  dielectric  thickness  and 
geomet ry. 


4.2  EXPERIMENTAL  CONFIGURATION  ! 

In  the  experimental  program  the  cavity  geometry  used  consisted  of  a right  j 

circular  cylinder  with  the  cylinder  side  wall  lined  with  a thin  sheet  of  dielec-  ; 

trie  material.  Figure  4.1  indicates  schematically  a typical  set-up.  The  SPI-  j 

PULSE  6000  electron  beam  accelerator  was  used  to  Inject  electrons  through  one 
end  of  the  cavity.  A high  transparency  metal  mesh  served  to  define  a ground  plane  j 

at  the  Injection  end  while  ensuring  that  a large  fraction  of  the  Initial  beam  j 

entered  the  cavity.  The  other  end  of  the  cavity  was  defined  by  an  aluminum  plate  i 

current  collector  which  was  electrically  connected  to  the  cavity  side  wall  through  { 

a low  Impedance  (-0.02  ohm)  resistive  shunt.  The  voltage  induced  across  this 
shunt  (less  than  300  volts)  was  monitored  to  provide  a measurement  of  the  current 
transmitted  through  the  cavity. 

Another  resistive  shunt,  located  near  the  injection  plane,  electrically 
connects  the  cavity  side  wall  to  the  electron  injection  source  ground.  This 
nonitor  was  used  to  measure  the  sum  of  the  injected  current  striking  the  side  wall 
plus  the  current  transmitted  to  the  back  of  the  cavity.  When  the  side  wall  was 
lined  with  dielectric  this  monitor  indicated  the  current  striking  the  dielectric 
plus  transmitted  current;  the  current  striking  the  dielectric  and  becoming  trapped 
in  It  Is  capacitlvely  coupled  to  the  cavity  side  wall  and  the  Induced  current  flow- 
ing through  this  capacitive  link  Is  equal  In  magnituue  fo  that  striking  the 
dielectric. 


The  cavity  was  housed  within  a vacuum  chamber  which  was  evacuated  to  less 
than  10  ^ torr  pressure  in  all  cases.  Previous  experimental  work*^  in  this 
pressure  regime  has  shown  that  no  enhanced  current  transport  occurs  due  to  space 
charge  neutralization  by  ionization  of  the  ambient  gas.  The  current  enhancement 
that  is  observed  is  therefore  attributable  to  the  presence  of  dielectric  material 
within  the  cavity. 

4.3  CONSTANT  CURRENT  EXPERIMENTS 

In  this  set  of  experiments  three  different  cavity  diameters  (10,  15,  and 
30  cm)  were  used.  In  conjunction  with  a range  of  cavity  depths,  the  cavity  di- 
ameter to  depth  aspect  ratio  was  varied  from  approximately  0.7  to  2.0.  For  each 
aspect  ratio  the  dielectric  thickness  was  varied  to  determine  the  dependence  of 
current  enhancement  on  this  parameter.  For  each  cavity  diameter,  the  SPI-PULSE 
6000  electron  beam  forming  diode  was  modified  to  keep  both  the  mean  Injected 
electron  energy  and  peak  Injected  current  approximately  constant.  In  all  cases 
the  Injected  beam  diameter  was  equal  to  or  slightly  smaller  than  the  Inner  cavity 
diameter. 

Figure  4.2  shows  a representative  set  of  data  obtained  for  a 30  cm  dia- 
meter by  15  cm  deep  cavity.  The  upper  graph  gives  the  time  dependence  of  the 
Injected  electron  energy.  Since  the  thickness  of  the  mesh  material  used  at  the 
Injection  plane  was  much  greater  fhan  an  electron  range  the  injected  beam  was 
essentially  mono-energetic  at  any  Instant  of  time.  The  lower  graph  is  composed 
of  three  waveforms.  The  upper  curve  shows  the  current  that  would  be  transported 
across  the  cavity  If  there  were  no  space  charge  limiting  or  beam  blow  up.  It  was 
obtained  by  positioning  the  back  plate  current  collector  one  millimeter  behind 
the  mesh  anode.  The  lower  curve  Indicates  the  measured  transmitted  current  for 
an  evacuated  cavity  with  no  dielectric  present.  The  Intermediate  curve  Is 
obtained  when  0,025”  of  Mylar  dielectric  Is  placed  on  the  cavity  side  wall. 
Several  features  are  apparent: 

I)  With  no  dielectric  present  there  Is  heavy  space  charge 
limiting  and  only  a small  fraction  of  the  injected 
current  Is  transmitted.  As  shown  in  Figure  4.3,  the 
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(A)  Time  Dependence  of  Injected  Beam  Energy 
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(B>  Injected  and  Transmitted  Current  Profiles 


Figure  4.2  Diode  Voltage,  Injected  Current  Pulse  and  Comparative 
Transmitted  Current  Traces  with  and  without  Dielectric 
Wall  at  Low  Pressure 
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Figure  4.3  Peak  Vacuum  Transmitted  Current  i 
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amount  transitted  scales  as  the  square  of  the  cavity 
aspect  ratio  over  a large  range  of  cavity  diameters 
and  cavity  lengths. 

2)  With  dielectric  present,  there  Is  a delay  period  to  the 
onset  of  current  enhancement.  During  this  delay  the 
transmitted  current  stays  at  the  same  level  as  observed 
in  the  no  dielectric  case.  As  shown  In  Figure  4.4, 
the  duration  of  this  delay  scales  linearly  with  cavity 
length. 

3)  Following  the  onset  of  enhanced  transport  the  transmitted 
current  climbs  to  a value  which  is  a large  fraction  of 
the  Injected  current. 

4)  Late  In  time  the  transmitted  current  shows  a long  tall, 

even  after  the  corresponding  injected  current  pulse  has 

gone  to  zero.  This  Is  reminiscent  of  induced  plasma 

(8) 

currents  observed  In  gas  neutralization  experiments 

Figure  4.5  shows  the  measured  dependence  of  peak  enhanced  current  on 
dielectric  thickness.  It  should  be  kept  In  mind  that  In  these  measurements  the 
total  Injected  current  was  held  constant.  The  upper  gr.  ih  shows  results  for  two 
different  cavity  diameters  with  a fixed  depth  of  15  cm.  For  no  dielectric  or 
very  thin  dielectric,  the  peak  transmitted  current  increases  with  Increasing 
aspect  ratio.  However,  for  thicknesses  greater  than  0.005"  of  Mylar  there  Is 
no  significant  difference.  The  lower  graph  shows  similar  results  for  two  other 
cavity  diameters  and  a different  cavity  depth.  For  the  early  portion  of  the 
Injected  beam  pulse  the  beam  energy  Is  roughly  constant  at  110  keV;  the  arrow 
on  the  upper  graph  Indicates  the  extrapolated  range  for  this  electron  energy  In 
Mylar.  If  the  data  for  0.005"  and  thicker  is  plotted  on  a log-log  scale,  the 
dependence  of  peak  transmitted  current  on  thickness  Is  to  the  I /4th  to  I /5th 
power. 


Corroborating  evidence  for  the  delay  to  onset  of  enhanced  transport  was 
also  seen  In  the  wall  current  signal.  Figure  4.6  shows  data  obtained  for  a 15  cm 
diameter  by  10  cm  deep  cavity.  Again  the  curve  marked  Injected  current,  measured 
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Figure  4.5  Peak  Transmitted  Current  Dependence  on 
Dielectric  Thickness 
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Figure  4.6  Wall  Current  Measurements  for  15  cm 
Diameter  10  cm  Deep  Cavity 
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I mm  beyond  the  Injection  plane,  Is  what  would  be  seen  If  there  were  no  space 
charge  limiting.  The  lower  curve  indicates  the  vacuum  cavity  situation.  Since 
less  than  1.0  kamp  of  current  Is  transmitted  through  the  cavity,  this  curve  In- 
dicates the  current  striking  tht  side  wall.  Roughly  one-third  of  the  Injected 
current  Is  returned  to  the  Injection  plane.  With  dielectric  present  there  Is 
again  a delay  to  onset  of  enhanced  current,  equal  to  the  delay  observed  in  the 
transmitted  current  pulse,  and  then  an  abrupt  rise  In  wall  current  due  to  trans- 
mitted current  enhancement.  Similar  results  were  seen  In  the  the  10  cm  and  30  cm 
diameter  cavity  experiments. 

Finally,  measurements  were  carried  out  to  assess  what  Influence  the  type 
of  dielectric  material  might  have  on  current  enhancement.  Figure  4.7  shows  data 
obtained  for  Mylar,  polyethylene,  and  polyvinylchloride  (PVC).  There  did  not 
appear  to  be  significant  differences  In  the  delay  to  onset  of  enhancement,  but 
there  were  differences  In  the  rate  of  current  rise  (dl/dt)  to  peak  enhanced 
current. 

4 . 4 CONSTANT  CURRENT  DENS  I TY  EXPER IMENTS 

In  this  series  of  experiments  the  Injected  current  density  was  held 

constant;  three  different  cavity  diameters  (10  cm,  15  cm,  30  cm)  were  used  with 

a fixed  cavity  depth  of  15  cm.  Figure  4.3  is  indicative  of  the  results  obtained. 

The  upper  graph  shows  results  for  a 30  an  diameter  cavity,  while  the  lower  graph 

is  for  a 15  cm  diameter  cavity.  In  both  cases  the  onset  of  enhanced  current 

occurs  at  approximately  50  ns  Into  the  pulse.  The  total  charge  Injected  through 

2 

the  entrance  plane  was  0.4  + 0.05  yC/cm  . 

4.5  PULSE  WIDTH  VARIATION  EXPERIMENTS 

Another  set  of  experiments  kept  the  cavlty/dlelectric  geometry  constant, 
and  varied  the  time  duration  of  the  Injected  pulse.  Figure  4.9  shows  the  general 
behavior  observed  as  the  pulse  width  decreases;  rhe  upper  graph  shows  strong 
enhancement  for  an  injected  pulse  width  of  82  ns  (fwhm).  The  Intermediate  graph 
Is  for  a pulse  width  of  75  ns  (fwhm)  and  shows  a moderate  amount  of  enhancement. 
The  lower  graph  shows  a small  enhancement  with  a 63  ns  (fwhm)  pulse.  In  all 
cases  the  beginning  of  Increased  current  transport  occured  at  50  ns. 
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Figure  4.8  Representative  Results  for  Constant 
Current  Density  Experiments 
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4.6  ION  DETECTION  EXPERIMENTS 

Because  the  Injected  beam  Is  heavily  space  charge  limited,  the  most 
obvious  explanation  of  the  observed  enhanced  transport  Is  that  barrier  dissipation, 
that  Is,  space  charge  neutralization,  occurs.  This  is  accomplished  by  positive 
ions.  As  noted  earlier,  the  long  tail  observed  on  the  transmitted  current  pulse 
Is  reminiscent  of  Induced  plasma  currents.  Experiments  were  carried  out  to  detect 
the  presence  of  Ions. 

The  side  wall  of  a 10  cm  diameter  by  15  cm  deep  cavity  was  lined  with 
a thick  (~5  mm)  tube  of  Lucite.  An  apertured  plate  terminated  the  cavity,  Jhe 
aperture  being  3 cm  In  diameter,  A permanent  magnet  was  positioned  behind  the 
aperture  to  sweep  out  both  primary  and  secondary  electrons.  The  magnetic  field 
('”300  gauss)  was  low  enough  to  produce  minimal  deflection  of  any  Ion  greater 
than  10  Kev  energy.  Detection  of  positive  charge  flow  was  done  with  a 2 cm 
diameter  charge  collector  which  was  connected  to  a 50  ohm  cable. 


Late  time  (>  300  ns)  positive  charge  flow  was  detected;  by  moving  the 
charge  collector  further  away  from  the  magnet  a time  of  flight  determination 

Q 

of  the  velocity  of  the  positive  ions  could  be  made.  The  result  was  "10  cm/sec. 
The  amplitude  of  the  detected  current  scaled  as  the  Inverse  square  of  the 
detector  distance  from  the  aperture.  The  extrapolated  positive  Ion  current 
density  at  the  back  of  the  cavity  Is  about  0.5  A/cm  ; the  pulse  duration  Is 
- I psec  (fwhm).  Since  the  presence  of  the  magnetic  field  prevented  lower 
energy  ions  from  being  detected  It  Is  certainly  possible  that  the  actual  current 
density  was  Signer. 

From  the  above  measurements  an  estimate  can  be  made  of  the  Ion  density 
In  the  cavity.  Since 

n — ^ — 
ev 

then  the  Ion  density  was  at  least  3 x lo'^/cm^,  This  is  low  compared  to  the 

1 2 3 

primary  electron  beam  density  of  -10  /cm  . Assuming  that  the  magnitude  ("500  A) 


of  the  late  time  tall  on  the  transmitted  current  pulse  Is  more  representative  of 

the  real  current  density  (Including  lower  energy  components),  then  In  fact  the 

12  3 

ion  density  works  out  to  be  ~I0  /cm  . 

At  the  ambient  chamber  pressure  used  (10  ^ torr).  Ionization  of  the  back- 

9 3 

ground  gas  by  primary  beam  electrons  could  only  produce  about  10  /cm  of  ion 
density.  Thus  the  Ions  detected  are  most  probably  associated  with  the  presence 
of  dielectric  on  the  cavity  wall. 

In  some  Instances  It  was  observed  that  puncture  of  the  dielectric  had 
occurred,  presumably  by  electrical  breakdown  In  volume.  However  It  was  no* 
observed  In  all  cases.  Surface  flashover  Is  another  electrical  failure  mode  of 
dielectrics.  To  determine  whether  this  was  occurlng,  open  shutter  photographs 
were  made  with  the  camera  focused  on  tho  portion  of  the  dielectric  near  the  In- 
jection end.  Figure  4.10  shows  a photograph  obtained  using  neutral  density 
filtering  to  reduce  the  i ight  Intensity.  It  Is  clear  that  a great  deal  o*  flash- 
over  Is  occurring,  fairly  symmetrically,  near  the  Injection  end  of  the  cavity. 

Since  the  light  emitted  by  flashover  Is  due  to  radiation  from  a hot.  Ionized  gas  - 
equivalent  to  the  light  emission  from  an  electrical  sprrk  - It  is  evIdenT  that 
this  Is  a likely  candidate  for  explaining  the  origin  of  the  observed  Ions. 

4.7  INTERPRETATION 

From  the  experimental  data  It  Is  possible  to  construct  a model  of  what  Is 
happening  within  the  cavity.  The  beam  Is  Initially  heavily  space  charge  limited, 
and  most  of  the  current  strikes  the  side  wall  of  the  cavity.  The  charge  Is 

(9) 

trapped  In  a surface  layer  of  the  dielectric;  the  Induced  transient  conduct  I vi ry 
is  too  low  to  allow  the  charge  build-up  to  leak  off.  The  accumulated  charge 
therefore  generates  a strong  electric  field;  near  the  Injection  plane  this  field 
will  have  a largo  component  along  the  surface  of  the  dielectric.  This  Is  due  to 
both  the  presence  of  the  Injection  plane  ground  and  non-uniformity  In  surface 
charge  density.  Martin^®*  has  empirically  developed  a formula  for  predicting 
the  time  required  to  inltkte  flashover;  a stress  of  200  kV/cm  Is  sufficient  to 
cause  breakdown  In  10  ns.  It  thus  seems  likely  that  early  In  the  injected  pulse 
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flashover  occurs  and  either  a thin  surface  layer  of  the  dielectric  is  sublimated, 
or  adsorbed  gas  is  released  and  Ionized**^.  These  ions  are  then  accelerated  into 
the  body  of  the  beam  by  space  charge  electric  fields. 

Figure  4.4  indicates  that,  even  if  the  cavity  is  very  short,  approximately 
10  ns  Is  required  to  see  enhanced  transport.  Assuming  that  the  ions  are 
generated  essentially  instantanesouly,  this  would  correspond  to  the  time  It 
takes  for  ions  to  neutralize  a significant  portion  of  the  beam.  Near  the 
cavity  side  wall  the  radial  electric  fields  are  of  order 


where 


Then; 


E ~ VB 


Vg  a beam  voltage  (kinetic  energy  in  volts) 
R * cavity  radius 


ao  « • VB 

AR*  1 — 
me 

q 


cV 


is  the  extent  of  the  ions  radial  motion  during  the  tire  period,  t.  Here 


me 


Ion  rest  mass  per  charge  state 


= 10  volts 

5 

Using  t * 10  nsec,  one  obtains  for  Vg  ■ 10  volts 
AR  = I cm 

Thus,  in  the  first  10  ns  of  the  pulse  the  outer  portion  of  the  beam  can  become 
charge  neutral;  since  there  Is  local  barrier  dissipation  that  portion  of  the 
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beam  can  propagate  further  down  the  cavity,  strike  the  dielectric,  and  cause 
further  flashover.  Ions  from  the  first  region  will  continue  to  charge  neutralize 
more  of  the  Injected  beam  and  allow  more  current  to  flow  further  into  the  cavity. 
The  net  current  flowing  to  the  wall  would  not  necessarily  increase;  only  the 
distance  Into  the  cavity  It  propagates  changes. 

Again  from  Figure  4.4  it  can  be  inferred  that  the  rate  at  which  the 
current  front  propagates  down  the  cavity  is  about  3 x 10  cm/sec.  Once  the 
end  of  the  cavity  Is  reached,  further  enhancement  ensues  as  the  ions  neutralize 
more  of  the  beam.  If  the  pulse  duration  Is  long  enough,  almost  all  of  the  In- 
jected current  Is  ultimately  transported.  Based  on  the  constant  current  density 
experiments  It  can  be  concluded  that  0.4  pC/cm  of  Injected  charge  Is  an  upper 
limit  on  the  amount  of  charge  required  to  Initiate  enhanced  transport  for  the 
beam  parameters  and  cavities  studied. 

4.8  CONCLUSIONS 

It  is  apparent  that  even  very  thin  layers  of  dielectric  can  have  a signif- 
icant Influence  on  current  transport  through  evacuated  cavities.  For  short  ('■20 
ns)  pulse  situations,  current  densities  less  than  40  A/cm  are  sufficient  to 
cuase  enhanced  current  flow.  Although  the  effect  will  not  propagate  an 
appreciable  distance  beyond  the  Injection  plane,  It  will  nevertheless  significantly 
modify  both  the  amplitude  and  the  spatial  extent  of  the  electric  and  magnetic 
fields  near  the  Injection  plare.  As  an  example,  rates  of  rise  of  current  of 
5 x 10* * A/sec  have  been  observed;  within  a 30  cm  diameter  cavity  the  correspond- 
ing rate  of  rise  of  magnetic  field  Is  3 x 10*®  gauss/sec.  Inductive  electric 
fields  can  be  significant  and  can  drive  large  skin  currents  In  neighboring 
structures. 
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SECTION  V 

SP I -PULSE  6000  MODIFICATION 


5.1  INTRODUCTION 

A redesign  of  the  SP I -PULSE  6000  was  carried  out  to  achieve  faster 
current  risetime  -.d  low  jitter  switching  for  synchronously  firing  several 
machines  In  parallel.  Specifically,  multichannel  triggering  with  a lower 
Inductance  front  end  design  was  attempted.  This  section  describes  these 
modifications  and  the  results. 


5.2  RISETIME  CONSIDERATIONS 
5.2.1  Machine  Design  Modifications 

In  order  to  Improve  the  current  risetime  of  the  machine  It  was  necessary 
to  reduce  the  front  end  Inductance.  This  inductance  is  made  up  of  two  compon- 
ents: a fixed  Inductance  associated  with  the  geometry  and  switch  Inductance. 

A complete  redesign  of  the  SP I -PULSE  6000  output  section  was  therefore  per- 
formed, A reduction  In  all  stray  Inductance  components,  not  just  that  asso- 
ciated with  the  output  switch,  was  necessary.  We  review  here  the  modifications 
made. 


Figure  5. i shows  schematically  the  new  front  end  configuration.  Major 
changes  consist  of: 

• shortening  of  the  solid  dielectric  energy  store  flashover 
length  to  7 Inches.  It  was  demonstrated  experimentally 
that  charging  voltage  In  excess  of  400  kV  can  be  achieved 
with  this  shorter  length. 

e use  of  parallel  plate  switching  domes  with  a 0.75  Inch 
spacing.  With  30  pslg  Freon  as  insulator,  this  gap  can 
support  400  kV  d.c.  charging  voltage. 

• an  Increase  in  the  diameter  of  the  switch  housing  and 
output  tube,  as  well  as  shortening  of  the  housing  and 
tube  length. 

• Increase  In  the  cathode  shank  diameter  and  shortening 
of  its  length. 
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Figure  5.1  SPI-PULSE  6000  Redesigned  Low  Inductance  Front-end 
Showing  Inner  and  Outer  Conducting  Paths 
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5.2.?  Risetime  Analysis 

For  design  purposes,  the  output  risetime  an  be  computed  as  the  algebraic 
sum  of  the  resistive  phase  time  constant  and  the  inductive  phase  risetime. 
Martin^*"^  has  shown  that  the  resistive  phase  c.n  be  calculated  from  the  formula 


where 

E = average  gap  stress  In  units  of  MV /meter 
Z » impedance  of  source  supplying  energy  to  the  trigger 
channel,  in  ohms. 

p = density  of  gas  used  as  switching  media. 
pQ=  density  of  air  at  NTP 

For  a single  channel  switch,  the  source  impedance  Z Is  equal  to  the  energy  store 
impedance  ZQ  (equal  to  2 ohms  for  the  SP I -PULSE  6000),  For  multi-channel  switch- 
ing with  n channels,  only  one-n*h  of  the  store  can  feed  an  Individual  channel. 
Thus,  Z must  be  equal  to  nZQ.  With  the  new  front  end  design,  we  have  the  follow- 
ing parameters; 

E < 20  MV/m 

Z = 2 ohms 
o 

£_=  1 3 
°o 

which  gives 


t -v  4.64 

TR-  "773  nsec 

n 

The  Inductive  phase  risetime  is  given  by: 

T =22  - 

'l  1,1  t R 
o t 
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where 


L = total  stray  Inductance 
ZQ  * energy  store  Impedance 
R^  = load  resistance 

Assume  a matched- load  case,  R^  * Zq.  The  Inductance  is  composed  of  two 
components;  the  fixed  Inductance  associated  with  the  switch  housing,  output 
tube,  and  cathode  shank  plus  the  Inductance  of  an  n-channel  output  switch. 
For  the  new  design,  the  fixed  Inductance  Is  calculated  to  be  13.85  nH.  The 
multi-channel  switch  Inductnace  Is  given  by  the  formula 

L “ {2  ?7  * 1 

where 


l * switch  gap  length  « 2 cm 
rQ  * ground  return  radius  * 26.675  cm 
Tj  * radius  of  switching  circle  * 12.7  cm 
Ar  » spark  channel  radius  - 0.05  cm 

Combining  all  of  these  factors,  the  output  risetime  Is  given  by  the  relation 

Tr,„  9-25  * 775  * hr  (°-25  * ™) 

The  computed  values  are  shown  graphically  In  Figure  5.2.  It  Is  evident  that  at 
least  4 channels  are  required  to  achieve  the  desired  rlsetlme  performance.  We, 
in  fact,  decided  to  employ  six  channels  to  Insure  that  at  least  four  will  have 
good  current  sharing  and  produce  a fast  rise. 

5.2.3  Effect  of  Non-Linear  Diode 

In  practice,  the  diode  risetime  will  be  slightly  different  than  that 
computed  above  because  the  diode  is  a non-linear  load.  Assuming  an  Ideal 
Chi  Id- Langmuir  behavior,  the  diode  voltage  is  related  to  the  current  flowing 


TRIGGER  CHANNELS 


Figure  5.2  Calculated  SPI-PULSE  6000  Rfsetlme  vs.  Number  of  Trigger 
Channels 
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in  it  by  the  relation 


VD  3 K 'D 


2/3 


where  K is  u constant  depending  only  on  the  diode  geometry.  For  an  Ideal 
resistive  load,  the  relation  Is 


VD  3 \ *0 


The  simplest  model  onw  can  assume  to  study  this  non-l Inearlty  Is  that  of  an 
Ideal  transmission  line  driving  the  load  through  an  Inductor,  Defining 


t «=  I nductance 

ZQ  * line  Impedance 
VQ  * charging  voltage 

t * in 

0 o 

1 3 V / 


max 


o o 


o 

f 


3 +/To 
*D^max 


then  the  equation  describing  either  the  linear  (resi"-ive)  or  non-linoar  (Chlld- 
Langmulr)  case  during  the  first  double  transit  time  of  the  line  Is 


df 

Bo 


f - a f' 


where 


a * 


R.  /Z  , resistive  case 
L o 


Zo  *max 


173,  non  linear-case 
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and 


Y = 


I,  linear  case 
2/3,  non- 1 inear  case 


The  linear  case  Is  easily  solved  to  give 

_ I . I 

I + a ,n  I - (I  + a)  f 

For  the  non- 1 Inear  case  the  formal  solution  Is 

f 

” / i-  wl  of'1'5: 

0 

which  cannot  be  solved  analytically.  However,  for  early  times  (f  « 1/2) 
the  denominator  can  be  expanded  In  a power  series  and  Integrated  term  by 
term.  The  result  Is 

_ _ I . , 5/3  « n + I ,n 

0 ~ n | _ f +3af  E 3n  +5  f 

n=o 

t 3a2  f7/3  ? a fn  + a3f3  ? b fn  + 

n n 

n*o  n*o 


A numerical  comparison  was  made  between  a matched- load  resistive  diode 
and  a non-linear  load  which  gives  the  saMe  pec**<  currant  (o  * i/2^3).  In  this 
case,  the  late  time  behavior  can  be  approximated  by 

f = 1/2  (I  - e) 


l 


1 

I 


X 

* 
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and 


% = H = * - f/2(|  - e)  - '/2  <•  - e)2/3 


* 1/2  + | - 1/2  (I  - e)2/3 


Using  a power  series  expansion,  this  gives 


dc  . -5 
do  “3 


-5 

*7 


e + - 


) 


Fo.  e < 0. 1 the  term  in  parenthesis  is  oniy  a 2 t correction  or  less  and  can 
be  ignored.  Then 


e * e 


■5/3o 


and 


f = 1/2  (t  - e'5/3o) 

Figure  5,3  shows  both  the  linear  solution  and  the  two  limiting  solutions 
for  the  non-linear  case.  Note  that  peak  current  occurs  at  f * 1/2.  It  Is 
apparen:  that  the  current  r I sett me  In  the  non- 1 Inear  case  is  longer  than  for 
an  ioaal  load,  the  increase  being  about  23#.  This  effect  Is  not  normally 
accounted  .‘or,  and  clearly  has  an  Influence  on  risetime  calculations.  More 
sublie  effects,  an  example  being  the  fl.ifte  cathode  turn-on  time,  are  harder 
to  assess. 

5.3  TRIGATRON  SWITCHING 

5 3.1  Trlgatron  Approach 

Trigatron  switching  was  chosen  as  the  basic  approach  because  of  the 
success  that  it  has  had  In  similar  gas  Insulated  high  voltage  systems.  With 
trlgatrons  it  was  felt  that  +1.5  nanosecond  jitter  could  be  echieved  which 
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Figure  5.3  Calculated  SPI-PULSE  6000  Current  Risetime 
Waveforms  for  Linear  and  Non-I Inear  Loads 
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is  quite  adequate  for  synchronously  firing  two  or  more  machines.  In  addition, 

( 1 2) 

it  had  been  shown  +hat  even  less  jitter  between  switches  could  be  expected 
when  driven  simultaneously  by  the  same  power  source.  Multiple  channel  switching 
of  a single  machine  could  therefore  be  accomplished  which  would  reduce  machine 
front  end  inductance  and  thereby  decrease  risetime. 

5.3.2  Trlgatron  Design  Analysis 

Since  multiple  parallel  switch  channels  would  be  required  to  attain  the 
desired  rlsetlme,  It  was  necessary  to  determine  the  best  design  for  feeding 
in  the  trigger  signal.  The  simplest  approach  would  have  been  to  use  a single 
Input  cable  and  then  tap-off  from  It  to  each  trlgatron.  Alternately,  a 
separate  cable  could  feed  each  trlgatron.  In  either  case,  an  isoiatlon  resistor 
Is  required  for  each  cable  to  prevent  the  main  output  voltage  pulse  from 
tmv*'*ng  back  to  the  trigger  g .erator. 

A scheme+lc  of  the  electrical  circuit  for  each  cable  Is  shown  in  Figure 
5.4;  time  Isolation  Is  provided  by  the  trigger  cable  length  with  the  source 
Input  - VQ(t)  - being  at  one  end.  The  return  path  to  cable  ground  Is  provided 
by  the  capacitance  between  trigger  pin  and  trigger  housing  In  series  with  the 
capacitance  between  trigger  housing  and  machine  ground.  Using  Laplace  trans- 
form techniques,  the  trigger  voltage  can  be  shown  to  be 

V - — Z—r 

v » 0 - 7^  a + I 

’TRIGGER  s t C,  . (a  - I)  _-st 

0 1 1 +7FTTTe 

where 

•X  - one-way  transit  time  of  cable 

C(  = trigger  pin  to  trigger  housing 

C2  * trigger  housing  to  ground  capacitance 

R}  = isolation  resistance 

ZQ  = cable  wave  Impedance 


(.4 


C,  * TRIGGER  PIN  TO  TRIGGER  HOUSING  CAPACITANCE 
C2  * TRIGGER  HOUSING  TO  GROUND  CAPACITANCE 


j Figure  5.4  Electrical  Circuit  for  Trlgatron  Trigger 
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HHH- 


1 * 5 RtCeff 
sZoCeff 


■'eff  ~ C,  + C2 


The  multiplicative  exponential  can  be  Ignored  since  It  simply  gives  a time 
shift.  If  the  input  voltage  pulse  risetime  is  less  than  the  double- transit 
time  of  the  cable,  then 

v TRIGGER  a + I sZ  C, 


Vo 

s + W. 


where 


"l  = l/,Rl  * V Cef f 


Using  the  convolution  theorem, 


V (+)  » 

Trigger 


V (u)  g (t  - u)  du 
o 


where 


g (t)  s L 


[A] 


-W  f 

= W,  9 V 
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If 


V (t)  = V = Constant 
o o 


TRIGGER  I + C,/C2 


This  Indicates  that: 


(I  -e-W,+) 


• to  get  voltage  doubling  It  Is  necessary  that  C(  « C2 
e to  get  good  rlsetlme  (R|  + ZQ)  < I ns 


(R.  + Zo)  C! 


°r  i <-"c,7c2  ‘ 1 "sec 


It  Is  clear  that  the  best  performance  can  be  obtained  when  each  trigatron  has 
Its  own  cable.  If  a single  cable  were  to  drive  n channels,  then 


C(  — ♦ n C, 


and  the  inequalities  above  are  harder  to  satisfy. 

Capacitance  estimates  for  the  design  chosen  * each  trigatron  driven 
by  Its  own  cable  - Indicate  that  the  above  Inequalities  are  Indeed  satisfied 
and  It  can  be  expected  that  the  trigger  pulse  rlsetlme  Is  determined  by  the 
trigger  generator  Itself. 


A further  objection  to  the  single  cable  feeding  n channels  approach  Is 
that  If  one  gap  closes  early  then  It  will  short  out  the  other  channels  and  In- 
hibit multi-channel  operation. 


It  Is  expected  that  the  Jitter  Inherent  In  the  trigatron  gaps  them- 
selves will  be  very  small  (less  than  one  nanosecond).  The  criteria  for  multi- 
channel operation  is  that  the  jitter  in  closing  the  high  voltage  gap  for  each 
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channel  be  less  than  the  resistive  phase  time  constant.  Typically  the  jitter 
is  a few  percent  of  the  streamer  crossing  time  - that  Is  the  time  to  cross  the 
high  voltage  gap.  For  a positive  point-plane  gap,  the  streamer  transit  time  can 
be  estimated  from  the  formula^*^ 

F tl/6dl/,0=  Kp" 


where,  for  Freon, 


K * 40 
n - 0.4 

F * gap  field  In  KV/cm  « 200 
t * breakdown  time  (transit  time)  In  usee 
d s gap  spacing  (=2  cm)  in  cm 
P = pressure  in  atmospheres 


Then 

t . « 0.7  ns 

streamer 

so  that  any  jitter  In  this  quantity  will  be  negligible.  Therefore,  since  the 
combined  trigatron  gap  jitter  plus  streamer  transit  jitter  Is  less  than  the 
resistive  phase  time  constant  (2-3  ns).  It  is  anticipated  that  satisfactory 
multi-channel  formation  can  be  realized. 


5.3.3  Trigatron  Design 

The  trigatron  de~lgn,  shown  in  Figure  5.5  was  arrived  at  after  evaluating 
( 14) 

a number  of  previous  designs  . It  consists  of  a high  voltage  cable  (Belden 

8870)  whiih  attaches  to  a copper  electrode  through  a high  voltage  feed.  The 
copper  electrode  is  housed  in  a ceramic  Insulator  and  attached  to  the  trigger 
dome.  A high  voltage  pulse  from  the  cable  initiates  a spark  from  the  copper 
electrode,  across  the  ceramic,  to  the  grounded  switch  dome.  This  spark  then 
initiates  the  formation  of  a breakdown  channel  from  the  low  voltage  dome  to 
the  high  voltage  surface  which  is  parallel  to  fhe  dome.  The  critical  dimensions 
of  the  trigatron  are  the  electrode  to  dome  gap  and  the  electrode  recess. 
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Associated  with  the  trlgatron  Itself  ts  an  Isolation  resistor  gap. 
This  gap,  shown  in  Figure  5.6  prevents  the  high  energy  store  of  the  SPI-PUISE 
6000  from  discharging  through  the  trigger  cable. 

5.3.4  Trigger  Voltage  Source 


The  SP I •PULSE  2500  was  chosen  as  the  voltage  source  for  driving  the 
trlgatron  switches.  The  SPI-PULSE  2500  Is  a D.C.  charged,  solid  dielectric 
energy  store  capable  of  storing  150  joules  and  discharging  this  energy  In  a 
pulse  of  typically  150  nanoseconds  duration  and  50  nanoseconds  rlsetlme.  Peak 
diode  voltage  Is  In  excess  of  80  kV. 


The  front-end  assembly  Is  shown  In  Figure  5.7.  Standard  hardware  con- 
sists of  the  pumping  chamber,  diagnostic  chamber  and  shank.  Special  hardware 
designed  for  switch  purposes  Included  the  cathode  shank  head,  extension  chamber, 
variable  load  resistor  and  end  plate. 


Nornal  operation  of  the  SPI-PULSE  machines  utilizes  a cathode  mounted 
cn  the  shank  head  and  a transmitting  anode  separated  by  a few  millimeters. 

In  this  program  the  diode  consists  of  the  load  resistor  and  cables  connected 
directly  to  the  shank.  The  cables  are  stripped  of  their  ground  shield  Inside 
the  chamber  for  seven  Inches  to  prevent  flashover. 


Since  SPI-PULSE  machines  operate  normally  with  two  to  ten  ohms  diode 
Impedance  and  the  number  of  switch  cables  was  variable,  the  CuSO^  load  resistor 
was  used  to  match  the  load  to  the  generator. 

5.3.5  Trlgatron  Switching  Checkout 

Trlgatron  checkout  was  performed  using  the  apparatus  shown  in  Figure  5.8. 
The  trlgatrons  were  mounted  in  a circular  array  in  a high  pressure  test 
chamber.  The  configuration  was  similar  to  that  used  In  the  SPI-PULSE  6000  front 
end.  Moebfus  loops  were  placed  near  each  trlgatron  spark  gap  in  order  to 
detect  when  It  closed. 
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Figure  5.7  Front-end  Assembly  for  SPl-PULSE  2500 

When  Used  as  a Power  Supply  Trigger  Source 
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Figure  5.8  Test  Chamber  for 
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These  bench  tests  established  that  the  jitter  associated  with  one  switch 
firing  was  < I ns  and  between  simultaneously  pulsed  switches  was  < 0.5  ns. 

This  configuration  was  then  Incorporated  into  the  SPt-PULSE  6000  front  end. 

5.4  MODIFIED  SPI-PULSE  6000  TESTING 

5.4.1  Machine  Final  Switching  Configuration 

After  a number  of  design  Iterations  the  final  machine  front  end  and 
switching  configuration  is  as  shown  In  Figure  5.9.  The  circular  array  of  six 
trigatrons  are  housed  in  an  enlarged  diode  cap  at  machine  ground.  The  high 
voltage  trigger  cables  from  the  SPI-PULSE  7500  come  through  feed-throughs  in 
the  vacuum  coax  chamber  and  then  through  CuSO^  resistors  and  isolation  gaps 
into  the  cathode  shank.  The  cables  then  connect  to  the  center  electrode  of 
the  trigatrons  as  in  the  configuration  used  for  bench  testing.  Since  the 
trigatrons  are  in  30  psl  Freon,  they  are  attached  to  the  tube  cap  with  a high 
pressure/ vacuum  seal. 

It  was  determined,  early  In  the  test  program,  that  a positive  SPI-PULSE 
2500  trigger  pulse  was  more  effective  in  switching  than  was  a negative  pulse. 

All  final  testing  was  therefore  done  with  a positive  pulse. 

5.4.2  SPI-PULSE  6000  Delay  and  Jitter  Measurements 

Delay  is  defined  as  the  time  between  the  SPI-PULSE  2500  diode  (i.e. 
high  voltage  bushing)  voltage  signal  and  that  of  the  SPI-PULSE  6000  diode 
voltage.  Initially,  delay  was  determined  as  a function  of  SPI-PULSE  6000 
charging  voltage.  Figure  5-10  shows  this  data  as  delay  vs.  percentage  of 
self  breakdown  voltage.  Delays  ranged  from  100  to  150  nanoseconds. 

In  order  to  get  acceptable  jitter,  it  was  necessary  to  operate  the 
machine  at  greater  than  85 % of  the  self  breakdown  voltage.  Representative 
jitter  data  can  be  seen  In  Figure  5.11.  Ten  succossivs  diode  voltage  traces 
are  overlayed  on  this  traced  oscillogram.  Table  5.1  contains  the  time  for 
the  start  of  each  trace  from  a standard  reference.  It  shows  the  mean  firing 
time  from  this  reference  to  be  6.9  ns  with  a standard  deviation  of  + 1.7  ns. 
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Figure  5.9  Trlgatron  Trigger  Adaptation  to  SPI-PULSE  6000 
Low  Inductance  Front  End 
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Figure  5.11  Diode  Voltage  Traces  Showing  Relative  Jitter  of 

SPI-PULSE  6000  Discharge  at  V » 165  kV  (Shot  No. 
2091-2100) 
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This  result  Is  well  within  the  requirement  for  synchronously  firing  two  or 
more  SPI-PULSE  machines. 


TABLE  5.1  SUMMARY  OK  JITTER  MEASUREMENT 


TRACE 

(Relative) 

TIME  OF  PEAK 
(ns  from  reference) 

1 

4.7 

2 

4.8 

3 

5.7 

4 

6.5 

5 

6.5 

6 

6.9 

7 

7.5 

8 

7.7 

9 

7.8 

(0 

10.6 

Mean  Firing  Time  (ns);  6.9 

Deviation  - jitter 

(ns) : + 1 ,7 

5.4.3  SPI-PULSE  6000  Rlsetlme  Measurements 

Because  of  mechanical  difficulties,  only  three  trlgatron  units  were 
operable  during  the  testing  phase  In  which  Jitter  and  risetime  measurements 
were  made.  The  problem  was  caused  by  cracking  of  the  thin  ceramic  Insulator 
sleeve  on  three  of  the  trlgatron  trigger  pins;  the  time  required  to  fabricate 
new  sleeves  did  not  allow  replacement.  Therefore,  the  results  of  this  and  the 
previous  section  apply  to  a three  channel  switch  only. 

Initial  risetime  measurements  were  made  using  a 3.5  ohm  copper  sulfate 
resistive  load.  This  removed  any  ambiguities  associated  with  the  finite 
turn-on  time  and  non-linear  nature  of  a cold  cathode  diode.  Tests  were  made 
using  one,  two,  and  three  trigatrons.  The  results  are  summarized  in  Figure  5.12. 
The  SPI-PULSE  6000  charging  voltage  was  160  KV,  and  the  trigger  source  (SPI- 
PULSE  2500)  charging  voltage  was  90  KV.  It  Is  apparent  that  there  is  little 
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change  In  risetime  between  the  cases  of  one  or  three  trlgatrons.  The  Indica- 
tions are  that  multi-channel  operation  is  being  achieved;  this  will  be  considered 
later. 


The  next  set  of  measurements  was  made  using  the  cold  cathode  diode. 

The  cathode  was  30  cm  in  diameter,  and  a 1.5  cm  gap  was  used.  Again  the  charg- 
ing voltage  was  160  KV,  and  the  trigger  source  voltage  90  KV.  Figure  5.13 
shows  the  resulting  c""ie  current  waveform.  The  initial  current  rise  to  one- 
half  of  peai<  value  Is  very  fast  <4  ns);  thereafter  the  pulse  front  slows  down. 
The  lOJt  - 90 % risetime  Is  23  ns,  and  the  pulse  width  is  78  ns  (fwhm).  The 
peak  diode  voltage  in  this  case  was  approximately  85  KV. 

The  observed  r I set  I me  Is  comparable  to  thct  expected  for  single  channel 
switching  (cf.  Section  5.2).  Since  Ihe  resistive  load  results  Indicated  that 
in  fact  three  channels  were  probably  operating,  the  discrepancy  must  arise 
from  some  effect  not  previously  considered. 

In  order  to  interpret  the  experimental  results,  use  was  made  of  the 
transmission  line  code***.  The  modeling  of  the  modified  SPI-PULSE  6000  con- 
sisted of  the  fol lowing  elements: 

1)  the  prime  energy  store 

2)  the  high  voltage  spinning 

3)  the  multi-channel  switch 

4)  the  switch  housing 

5)  a short  inductance  representing  that  portion  of  the 
cathode  shank  Inside  the  output  tube 

6)  a capacitor- shunting  the  above  inductance  - 
representing  the  output  tube  capacitance  to 
ground 

7)  a coaxial  line  representing  the  shank  feeding 
the  load 

8)  either  a resistive  or  diode  load 
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In  the  resistive  load  case,  the  resistor  also  has  a rather  large  In- 
ductance <35  nH)  associated  with  It.  The  effect  of  the  Inductance  associated 
with  the  resistive  load  Is  to  Increase  the  risetime.  The  faster  the  risetime 
becomes  with  more  switch  channels,  the  greater  the  effect.  As  a result, 
the  difference  between  one  and  three  channels,  being  six  ns  theoretically. 

Is  reduced  to  about  3 ns,  which  agrees  with  the  experimental  results  shown  In 
Figure  5.12.  This  was  also  Included  In  the  model.  Figure  5.14  shows  a com- 
parison of  the  computer  generated  diode  current  compared  to  the  experimentally 
measured  value.  Because  the  experimental  peak  current  was  only  70%  of  the 
computer  value,  the  curves  have  been  normalized  to  provide  better  comparison. 
The  values  correspond  to  single  channel  switching  only;  generally  there  Is 
good  agreement  between  the  two  waveshapes.  The  computer  risetime  is  about  4 ns 
faster  than  the  measured  one;  given  the  uncertainties  Involved  in  choosing 
the  elements  for  the  computer  model,  the  results  Indicate  that  the  machine 
Is  operating  about  as  can  be  expected.  It  should  be  pointed  out  that  If  the 
resistor  Inductance  were  not  present,  the  rlsetlme  would  have  been  more 
nearly  20  ns. 

Figure  5.15  compares  diode  current  waveforms  both  computed  and  measured 
when  a 30  cm  diameter  cold  cathode  diode  was  used.  The  computer-modelled  diode 
current  exponentially  rises  to  peak  value  with  a 4 ns  e-foldlng  time.  In 
both  the  computed  and  experimental  curves  three  trigatron  channels  were  assumed 
to  be  operating.  Again,  the  agreement  Is  quite  good.  It  Is  expected  that 
Improvements  in  the  turn-on  time  of  the  diode  (cathode  plasma  formation  line) 
would  lower  the  rlsetlme  to  13  ns. 
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Figure  5. 14 


20  30  40  50 

TIME,  NS 

Comparison  of  Measured  and  Calculated  SP I -PULSE 
6000  Dummy  Load  Current  Waveforms 
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Figure  5.15  Comparison  of  Measured  and  Calculated  SPI-PUISE 
6000  Diode  Load  Current  Waveforms 
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SECTION  VI 
SUMMARY 


This  final  report  has  reviewed  the  work  performed  In  the  develop- 
ment of  an  electron  beam  IEMP  Simulation  capability.  The  techniques  used 
for  calibrating  these  electron  beam  environments  have  been  discussed  and 
representative  IEMP  cavity  data  presented. 

The  data  of  IBtf5  cavity  currents  for  various  pressures  and  simple 
cavity  geometries  shows  the  value  of  the  electron  beam  technique  for 
► lenomenology  studies.  An  extension  of  this  capability  Into  more  complex 
"system-1  Ike"  cavities  containing  cables  and  electronic  boxes  is  now  a 
straightforward  matter. 

The  effect  of  dielectrically  lined  cavity  walls  were  evaluated. 
Unlike  gcs  neutralization  for  Instance,  the  existence  of  this  phenomena 
was  not  evident  through  analytical  studies.  That  this  effect  could  be 
demonstrated  and  characterized  in  some  detail  Is  further  evidence  of  the 
utility  of  this  simulation  approach. 

Modifications  made  to  the  SP I -PULSE  6000  were  described  in  detail. 
The  front-end  changes  along  with  the  Incorporation  of  multichannel  low 
jitter  switching  has  significantly  increased  the  risetime  of  the  current 
pulse  allowing  a broad  range  of  electron  beams  to  be  produced,  extending 
the  simulation  capability.  For  Instance,  a 5 ns  wide  (baseline)  pulse 
of  18  keV  average  electron  energy  at  10  amps/cm2  over  620  cm2  has  been 
developed. 

In  addition,  the  low  jitter  switching  (+  1.7  ns)  now  makes  It 
possible  to  produce  very  large  emission  patterns  by  synchronously  firing 
multiple  machines  in  stacked  configurations. 
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In  addition  to  complex  cavity  IEMP  studies,  an  experiment  which 
addresses  aspects  of  SGBff*  phenomena  is  planned.  This  experiment.  Illus- 
trated In  Figure  6-1,  consists  of  Injecting  an  electron  beam  Into  the  center 
of  a large  vacuum  chamber  and  monitoring  the  flow  of  electrons  about  this 
disc-shaped  "emission"  source.  With  the  previously  described  5 ns  baseline 
pulse,  current  can  be  chapter  I zed  In  a time  frame  short  compared  to  chamber 
wall  reflected  wave  Interference  times. 

Depending  upon  requirements,  even  further  advances  In  pulsed  electron 
beam  simulation  of  IEMP/SGEMP  phenomena  can  be  envisioned.  For  Instance, 

In  addition  to  flat  disc  emission,  other  irregular  shapes  and  surface 
structures  can  be  made  to  emit  with  existing  technology.  Also,  multi- 
energetic  electron  spectra  can  be  produced  simultaneously  with  advanced 
"chromacolor"  window  techniques  and  electron  angular  distributions  can  be 
tailored  to  particular  requirements. 


10*  DIAMETER  X 12.5*  LONG 
VACUUM  CHAMBER 


Flaure  6-1.  SP I -PULSE  6000  In  SGEMP  Configuration 
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Director 

Neva!  Reaearoh  Laboratory 

ATTN:  Coda  2627,  Dorla  R.  Foleu 
ATTN:  Code  4004,  Emanual  L.  Brancato 
ATTN:  Code  6631,  JameaC.  Ritter 
ATTN:  Code  7770,  Oerald  Cooperateln 
ATTN:  Code  7706,  Jay  P.  Borla 
ATTN:  Code  77C1,  JackD.  Brown 

Commander 

Naval  Sta  Systema  Command 

ATTN:  8EA-M81,  Riley  B.  Lane 
ATTN:  SEA-0831,  Samuel  A.  Barham 

Commander 

Naval  Ship  Engineering  Center 

ATTN:  Code  6174D2,  Edward  F.  Duffy 

Commander 

Naval  Surface  Waapona  Center 

ATTN:  Code  431,  Edwtn  R.  Rath  turn 
ATTN:  Code  WA-501,  Navy  Nuo.  Prgma.  Off. 
ATTN:  Code  WA-50,  JohnH.  Malloy 
ATTN:  Code  481,  Edwin  B.  Dean 
ATTN:  Code  WX-21,  Teoh.  Lib. 

Commander 

Naval  Telecommunications  Command 
ATTN:  N-7,  LCDR  HaU 

Commander 

Naval  Weipona  Center 

ATTN:  Code  533,  Teoh.  Lib. 

Commanding  Officer 

Naval  Weapona  Evaluation  Facility 
ATTN:  Lawrence  R.  Oliver 

Commanding  Officer 

Naval  Weapona  Support  Center 

ATTN:  Code  70242,  Joseph  A.  Munarln 
ATTN:  Code  7024,  James  Ramsey 

Director 

Strategic  Systems  Project  Offtoe 
ATTN:  MSP- 230,  David  Gold 
ATTN:  NSP-2431,  Gerald  W.  Hoakina 
ATTN:  NSP-270J,  John  W.  PitaJoher*0r 

DEPARTMENT  OF  THE  AIR  FORCE 


Commander 

ADC/DE 

ATTN:  DEEDS,  JoaephC.  Br.onnan 

AF  Geophyalca  Laboratory,  AF9C 
ATTN:  Charlea  Pike 
ATTN:  LQR,  Edward  A.  Burke 

AF  institute  of  Technology,  AU 

ATTN:  Library,  AFIT,  Bldg.  640,  Area  B 

AF  Materials  Laboratory,  AFSt 
ATTN:  Library 
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DEPARTMENT  OF  THE  AIR  FORCE  (Continued) 

AF  Weapon*  Laboratory,  AF9C 
ATTN:  EL,  John  DarraJb 
ATTN:  SUL 
ATTN:  ELA 
ATTN:  ELC 
ATTN:  JAB 
ATTN:  SAS 
ATTN:  EL 

Commander 

ASD 

ATTN:  4960  Teet  W/TZMH,  Peter  T.  Marth 
ATTN:  ASD-YH-EX,  Lt  Col  Robert  Le/erette 

Headquarter* 

Electronic  Syetem*  Dlvlalon,  AF9C 
ATTN:  DCD/8ATIN  IV 
ATTN:  XRRT 

Commander 

Foreign  Technology  Divlelon,  AF8C 

ATTN:  ETET,  Capt  Richard  C.  Hueemann 

HQ  U8AF/RD 

ATTN:  RDQPN 

Commander 

Rome  Air  Development  Center,  AF8C 
ATTN:  P.  Glanlno 

SAMSO/DY 

ATTN:  LYS,  Capt  Wayne  Sehober 
ATTN:  DYS,  Maj  Larry  A.  Darda 

SA 1480/ IN 

ATTN:  IND,  Maj  Darryl  8.  Muakln 
8AMSO/MN 

ATTN:  MNNH,  Capt  WUtiam  M.  Carra 
ATTN:  MNNti,  Capt  David  J.  Strobel 
ATTN:  MNNH,  Capt  Michael  V.  Bell 
ATTN:  MNNC 

SAM30/8K 

ATTN:  8KF,  Peter  H.  Stadler 

8AMSO/XR 

ATTN:  XRS 

SAM  SO/YD 

ATTN;  YDD,  MaJ  Marion  F.  Schneider 

Commander  in  Chief 
Strategic  Air  Command 

ATTN:  XPFS,  Capt  DeRaad 
ATTN:  NRI-STWFO,  Library 

ENERGY  RESEARCH  t DEVELOPMENT  ADMINISTRATION 

University  of  California 
Lawrence  Livermore  Laboratory 
AT1N:  William  J.  Hogan,  L-S31 
ATTN:  Walter  W.  Hofer,  L-24 
ATTN:  Louis  F.  Wouters,  L-48 
ATTN:  Donald  W.  Vollmer,  L-154 
ATTN:  Donald  J.  Meeker,  L-545 
ATTN:  Frederick  R.  Kovar,  L-31 
ATTN ; liana  Kruger,  L-96 
ATTN:  Toch.  Info.,  Dept.  L-3 


ENERGY  RESEARCH  t DEVELOPMENT  ADMINISTRATION 
(fcontlnued) 

Lo*  Alamo*  Scientific  Laboratory 

ATTN:  Doc.  Con.  for  John  8.  Malik 
ATTN:  Doc.  Con.  for  Marvin  M.  Hoffman 
ATTN:  Doc.  Con.  for  J.  Arthur  Freed 
ATTN:  Doc.  Con.  for  Donald  R.  Weatervelt 
ATTN:  Doc.  Con.  for  Report*  Library 
ATTN:  Doc.  Con.  for  Bruce  W.  Noel 
ATTN;  Doc.  Con.  for  Richard  L.  Wakefield 
ATTN:  Doc.  Con.  for  P.  W.  Keaton 

Sandta  Laboratories 
Livermore  Laboratory 

ATTN:  Doc.  Con.  for  Theodore  A.  Dellin 

Saadi*  Laboratory* 

ATTN:  Doc.  Con.  for  Org.  3110,  J.  A.  Hood 
ATTN:  Doo.  Con.  for  3M1,  Sandl*  Rpt.  Coll. 

ATTN:  Div.  5231,  James  H.  Renksn 
ATTN:  Doo.  Con.  for  Org.  2318,  James  E.  Cover 
ATTN;  Doo.  Con.  for  Orj.  9383,  R.  L.  Parker 
ATTN:  Doo.  Con.  for  5240,  Gerald  Yonaa 
ATTN:  Doo.  Con.  for  Elmer  F.  Hartm&n 

OTHER  GOVERNMENT  AGENCIES 

Administrator 

Defense  Electric  Power  Admin. 

ATTN:  Doc.  Con. 

Department  of  Commerce 
National  Bureau  of  Standard* 

ATTN:  Judaon  C.  French  • 

Department  of  Transportation 
Federal  Aviation  Administration 

ATTN:  Fredrick  S.  Sakate,  ARD-350 

NASA 

ATTN:  Code  Res.  Quid.  Con.  t>  Info.  Sys. 

NASA 

ATTN:  Library 

ATTN:  Robert  R.  Lovell,  M.S.  54-3 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

Aerojet  Electro-System*  Co.  Div. 

ATTN:  Thomas  D.  Hanacome 

Aeronutronic  Ford  Corporation 
Western  Development  Laboratories  Division 
ATTN:  Donald  R.  MoMorrow,  M.S.  G-30 
ATTN:  Library 

ATTN:  J.  T.  Mattfngley,  M.S.  X-22 

Aerospace  Corporation 

ATTN:  Irving  M.  Garfunkel 
ATTN:  Frank  Hai 
ATTN:  J.  Benveniste 
ATTN:  William  W.  Willis 
ATTN:  C.  B.  Pearl ston 
ATTN:  Library 
ATTN:  Julian  Relohelmer 
ATTN:  V.  Josephson 
ATTN:  Norman  D.  Stockwell 
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A vco  Research  It  Systems  Group 

ATTN:  Research  Library,  A-830,  Rm.  7201 

Battelle  Memorial  Institute 
ATTN:  Robert  H.  Blesek 

The  BDM  Corporation 

ATTN:  T.  H.  Neighbor! 

The  Bend  lx  Corporation 

Navigation  A Control  Dlvlalon 
ATTN:  George  Gartner 

The  Boeing  Company 

ATTN:  Roberts.  Caldwell,  M.8.  2R-00 
ATTN:  Kenneth  D.  Frlddell,  M.S.  2R-0O 
ATTN:  Aero  apace  Library 
ATTN:  Howard  W.  Wlckleln,  M.S.  17-11 
ATTN:  David  L.  Dye,  M.S.  87-75 
ATTN:  Donald  W.  EgeUtrout,  M.S.  2R-00 

Boot- Allen  A Hamilton,  loo. 

ATTN:  Raymond  J.  Chrlaner 

Brown  Engineering  Company,  two. 

ATTN:  John  M.  McSwaln,  M.S.  18 

Unlve ratty  of  California  at  San  Diego 
ATTN:  Sherman  Do  Foreat 

Charier  Static  Draper  Laboratory,  too . 

ATTN:  Richard  G.  Haltmaler 
ATTN:  Kenneth  Ferttg 
ATTN:  Paul  R.  Kelly 

Computer  Solancea  Corporation 
ATTN:  Barbara  F.  Adame 

Computer  Science*  Corporation 
ATTN:  Richard  H.  Dlckhaut 
ATTN:  Alvin  T.  Echlff 

Cutler-Hammer,  Inc. 

AIL  Dlvlalon 

ATTN:  Anne  Anthony,  Central  Tech.  Flint 

Dr.  Eugene  P.  dePtomb 

The  Dike  wood  Corporation 
ATTN:  K.  Lee 
ATTN:  Tech.  Lib. 

E-8y«tema,  Inc. 

Greenville  Dlvlalon 

ATTN:  Library  8-50100 

EGAG,  Inc. 

Albuquerque  Dlvlalon 

ATTN:  Hilda  H.  Hoffman 
ATTN:  Tech.  Lib. 

Electronlce  Technology  Laboratory 
ATTN:  R.  Curry 

Exp.  A Math.  Physlca  Conaultanta 
ATTN:  TbomatM.  Jordan 


Fairchild  Camera  A Inatrument  Corporation 

ATTN:  Sec.  Dept,  for  2-233,  David  K.  Myers 

The  Franklin  tnatltute 

ATTN:  Ramie  H.  Thompson 

General  Electric  Company 
Space  Division 

ATTN:  Joseph  C.  Peden,  VF8C,  Rm.  4230M 

ATTN:  Daniel  Edelman 

ATTN:  Larry  I.  Chasen 

ATTN:  John  L.  Andrews 

ATTN:  James  P.  Spratt 

General  Electric  Company 
Re-Entry  A Environmental  Qyatems  Division 
ATTN:  Robert  V.  Benedict 

General  Electric  Company 
TEMPO-Center  for  Advanced  Shidlea 
ATTN:  William  McNamara 
ATTN:  Royden  R.  Rutherford 
ATTN:  John  D.  Rigan 
ATTN:  DA8IAC 

General  Eleotrlo  Company 
Aircraft  Engine  Group 

ATTN:  John  A.  Ellerhorst,  E-2 

General  Electric  Company 
Aerospace  Electronics  Systems 

ATTN:  Charles  M.  Hew  I son,  Drop  624 
ATTN:  W.  J.  Patterson.  Drop  233 

Central  Research  Corporation 
ATTN:  John  lae,  Jr. 

General  Research  Corporation 
Washington  Operations 

ATTN;  David  K.  Otlat 

Goodyear  Aerotpaoe  Corporation 
Arisona  Division 

ATTN:  B.  Manning 

Grumman  Aeroq?soe  Corporation 
ATTN:  Jerry  Rogers,  Dept.  533 

GTE  Syivinla,  Inc. 

Eleotronlcs  Systems  Group-Eastern  Division 
ATTN:  Charles  A.  Thornhill,  Librarian 
ATTN:  Leonard  L.  Blatsdetl 

GTE  Sytvanta,  Inc. 

ATTN:  Herbert  A.  Ullman 

ATTN:  Emil  P.  Motchok,  Comm.  Sys.  Dlv. 

ATTN:  S.  E.  Perlman,  A.  S.  M.  Dept. 

ATTN:  David  P.  Flood 

ATTN:  Mario  A.  Nurefora,  HIV  Group 

Haseltine  Corporation 

ATTN:  M.  Waite,  Tech.  Info,  Ctr. 

Hercules,  Incorporated 

ATTN:  W.  R.  Woodruff,  100K-26 

Honeywell,  Incorporated 
Government  4 Aeronautical  Products  Division 
ATTN:  Ronald  R.  Johnson,  A- 1622 
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Honeywell,  Incorporated 

Aerospace  Division 

ATTN:  Harrison  H.  Noble,  M.S.  725-6A 
ATTN:  Richard  B.  Relnecke,  M.S.  725-5 

Honeywell,  Incorporated 

Radiation  Center 

ATTN:  Tech.  Lib. 

Hughes  Aircraft  Company 

ATTN:  Kenneth  R.  Walker,  M.S.  D-167 
ATTN:  Billy  W.  Campbell,  M.S.  8-E-UO 
ATTN:  Tech.  Lib. 

ATTN:  John  B.  Singletary,  M.S.  6-D-133 

Hugbee  Aircraft  Company 

Space  Systems  Division 

ATTN:  William  W.  Scott,  M.S.  A- 1080 
ATTN:  Edward  C.  Smith,  M.8.  A-S20 

IBM  Corporation 

ATTN:  Frank  Frankovaky 

HT  Research  Institute 

ATTN:  Irvin*  N.  Mlndel 
ATTN:  Jack  E.  Bridges 

Institute  (or  Defense  Analyses 

ATTN:  IDA,  Librarian,  Ruth  S.  8mlth 

International  Telephone  i Telegraph  Corporation 
ATTN:  Alexander  T.  Richardson 

Ion  Physios  Corporation 
ATTN:  Robert  D.  Evans 

1RT  Corporation 

ATTN:  Terry  H ana* an 
ATTN:  James  A.  Naber 
ATTN:  R.  L.  Merta 
ATTN:  Dennis  Swift 

Jaycor,  Incorporated 
ATTN:  Eric  Wenaas 
ATTN:  Andrew  Wood* 

Johns  Hopkins  University 

Applied  Physios  Laboratory 
ATTN:  Peter  E.  Partridge 

Kaman  Science*  Corporation 
ATTN:  Library 
ATTN:  Donald  H.  Bryce 
ATTN:  W.  Foster  Rich 
ATTN:  Walter  E.  Ware 
ATTN:  Albert  P.  Bridges 
ATTN:  John  R.  Hoffman 

Litton  Systems,  Inc. 

Guidance  t Control  Systems  Division 
ATTN:  R.  W.  Maughmer 
ATTN:  John  P.  Rctaler 
ATTN:  Val  J.  Ashby,  M.S.  67 

Lockheed  Missiles  t Space  Company 

ATTN:  Clarence  F.  Kooi,  Dept.  52-11 


Lockheed  Missiles  I Spaoe  Co.,  Inc. 

ATTN:  Edwin  A.  8mtth,  Dept.  85-85 
ATTN:  Samuel  I.  Taimuty,  Dept.  85-85 
ATTN:  Benjamin  T.  Ktmura,  Dept.  81-14 
ATTN:  Philip  J.  Hart,  Dept.  81-14 
ATTN:  George  F.  Heath,  Dept.  81-14 

LTV  Aerospace  Corporation 

Vought  Systems  Division 

ATTN:  Charles  H.  Coleman 

LTV  Aerospace  Corporation 

Michigan  Division 

ATTN:  James  F.  Sanson,  B-2 
ATTN:  Tech.  Lib. 

M.I.T.  Lincoln  Laboratory 
ATTN:  Jean  L.  Ryan 
ATTN:  Leona  Loughlln,  Librarian,  A-082 

Martin  Marietta  Aerospace 

Orlando  Division 

ATTN:  William  W.  Mras,  MP-413 
ATTN:  Jack  M.  Ashford,  MP-537 
ATTN:  Mon*  C.  Griffith,  Library,  MP-30 

Martin  Marietta  Corporation 

Denver  Division 

ATTN:  BenT.  Graham,  M.S.  PO-454 
ATTN:  J.  E.  Goodwin,  Mail  0452 

Maxwell  Laboratories,  Inc. 

ATTN:  Vlotor  Fargo 

McDonnell  Douglas  Corporation 
ATTN:  Stanley  Schneider 
ATTN:  Paul  H.  Dunoan,  Jr. 

Mission  Research  Corporation 
ATTN:  Conrad  L.  Longmlre 
ATTN:  Roger  Stettner 
ATTN:  William  C.  Hart 
ATTN:  Daniel  F.  Higgins 

Mission  Research  Corporation 
ATTN;  David  E.  Mere  wether 
ATTN:  Larry  D.  Scott 

Mlaaton  Research  Corporation 
ATTN:  V.  A.  J.  Van  Lint 

The  Mitre  Corporation 

ATTN  Theodore  Jarvl* 

Motorola,  lno. 

Government  Electronlci  Dtvlaton 

ATTN:  Jamea  R.  Black,  M.S.  A-U2 
ATTN:  A.  J.  Kordalewskl,  Tech.  Info.  Ctr. 

Northrop  Corporation 

Electronic  Division 

ATTN:  Boyce  T.  Ahlport 
ATTN:  JohnM.  Reynolds 
ATTN:  Vincent  R.  DeMartino 
ATTN:  John  M,  Reynolds 

Northrop  Corporation 

ATTN:  Joseph  D.  Russo 
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Northrop  Corporation 
ATTN:  Library 
ATfN:  OHie  L.  Cnrtls,  Jr. 

ATTN:  David  N.  Pooock 

Physics  international  Company 

.‘TTN:  Doc.  Con.  for  John  H.  Huntington 
ATTN:  Doc.  Coo.  for  Ian  D.  Smith 
ATTN:  Doc.  Con.  for  Charle*  H.  Stalling! 
ATTN:  Doo.  Con.  for  Philip  W.  Spence 

Pu>sar  Associates,  Inc. 

ATTN:  Carleton  H.  Jones,  Jr. 

RAD  Aaeoctatea 

ATTN:  Richard  R.  Schaefer 
ATTN:  Leonard  Sohleealnger 
ATTN:  WQliam  R.  Graham,  Jr. 

ATTN:  William  J.  Karaaa 
AT1N:  8.  Clay  Rogera 


Science  Applications,  Inc. 
Huntavilte  Division 

ATTN:  Noel  R.  Byrn 

Science  Applications,  Inc. 

ATTN:  J.  Roger  Hill 

Solenoe  Applications,  be. 

ATTN:  Charles  Stevens 

Science  Applications,  loo. 

ATTN:  William  L.  Chadsey 

Sidney  Frankel  A Associates 
ATTN:  Sidusy  Frankel 

Simulation  Physios,  bo. 

ATTN:  Roger  G.  Little 
ATTN:  John  R.  Uglum 
ATTN:  Steven  H.  Face 


The  Rand  Corporation 
ATTN:  Cullen  Crab 


The  Singer  Company 

ATTN;  Irwin  Goldman,  Eng.  Management 


Raytheon  Company  Sperry  Flight  Systems  Division 

ATTN:  Galansn  H.  Joehi,  Radar  S^s.  Lab.  Sperry  Rand  Corporation 

ATTN:  D.  Andrew  Sr  how 

Raytheon  Company 

ATTN:  Harold  L.  Flsscher  Sperry  Rand  Corporation 

Univac  Division 

RCA  Corporation  ATTN;  Jamas  A.  inda,  M.8.  41T25 

Government  A Commercial  Systems 

ATTN:  George  J.  Brucker  Sperry  Rand  Corporation 

Sperry  Division 

RCA  Corporation  ATTN;  Paul  Marrafftno 

ATTN:  K.  H.  Zainhper  ATTN.  Charlea  L.  Craig,  EV 


t< 


i 


RCA  Corporation 

Government  A Commercial  Systems 
ATTN:  Andrew  L.  Warren 
ATTN:  Eleanor  K.  Daly 

RCA  Corporation 

ATTN:  E.  Van  Keuren,  13-5-2 

Research  Triangle  Institute 

ATTN:  Sec.  Officer  for  Eng.  Dtv,,  Mayrant  Simons,  Jr. 

Rookwell  international  Corporation 
ATTN:  N.  J.  Rudle,  FA-53 
ATTN:  J.  Spot* 

ATTN:  L.  H.  Pinaott,  FB-41 
ATTN;  Donald  J.  Stevens,  FA-70 
ATTN:  Georgs  C.  Messenger,  FB-flt 
ATTN:  James  S.  Bell,  HA-10 

Rockwell  International  Corporation 
ATTN:  John  F.  Roberta 

Rockwell  International  Corporation 
ATTN:  T.  B.  Yates 

Sanders  Associates,  be. 

ATTN:  James  L.  Burrows 

ATTN:  R.  G.  Despathy,  Sr.,  P E,  1-0270 

ATTN:  Moe  L.  Aitel,  NCA,  1-3236 


Stanford  Reaearoh  Institute 

ATTN;  Arthur  Lee  Whitson 
ATTN:  Mel  Bernstein 
ATTN:  Philip  J.  Dolan 
ATTN:  Sstsuo  Dairikl 
ATTN:  Robert  A.  Armletead 

Stanford  Research  bstitute 

ATTN:  MacPbereon  Morgan 

Sundstrand  Corporation 
ATTN:  Curtis  B.  White 

Systems,  Solenoe  0 Software 
ATTN:  David  A.  Meaktm 

Systems,  Solenoe  0 Software,  bo. 
ATT!!:  Andrew  R.  Wilson 
ATTN:  bra  Katz 

Systron-Donner  Corporation 
ATTN:  Harold  D.  Moirls 

Texas  bstruments,  Inc. 

ATTN;  Donald  J.  Mmue,  M.S.  72 

Texas  Tech  University 

ATTN:  Travis  L.  Simpson 
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TRW  stems  Group 

ATTN:  Donald  Jortaer 
ATTN:  Paul  Molmud,  Rl-1186 
ATTN:  Aaron  H.  Narevsky,  Rl-2144 
ATTN:  Rtoh.vd  H.  Klngslaad,  R1-21S4 
ATTN:  Jerry  I.  Lubell 
ATTN:  Philip  R.  Cartier,  Rl-1028 
ATTN:  Lillian  D.  Singletary,  HI- 1070 
ATTN:  Robert  M.  Webb,  Rl-ilSO 
ATTN:  Tech.  bifo.  Ctr.,  S-19S0 
ATTN:  WUMaai  H.  Robinette,  Jr.. 

TRW  Systems  Group 

San  Bernardino  Operation! 

ATTN:  Earl  W.  Allen 
ATTN:  J.  M.  Gorman 
ATTN:  JohnE.  I'ahnta 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

TRW  System*  Group 

ATTN:  Donald  W.  Pugsley 

United  Technologies  Corporation 
Norden  Division 

ATTN:  Conrad  Cords 


Westlnghouse  Electric  Corporation 

ATTN:  Henry  P.  Kalapaca,  M.S.  3529 
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